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RÉSUMÉ
Les interactions entre la solution du sol et la phase solide sont au coeur de l'évolution des
sols. Mes recherches ont consisté à étudier cette solution du sol notamment in situ au sein
de sols hydromorphes dans un premier temps, puis dans les sols volcaniques et tropicaux
de l'île de la Réunion.
Le recyclage des produits résiduaires organiques (pro) en agriculture présente de multiples
bénéﬁces mais peut également apporter des contaminants de diverses natures. Ceux-ci
peuvent se dégrader intégralement, s'accumuler dans les sols, être prélevés par les cultures
ou être lixiviés vers le sous-sol. Mes travaux ont essentiellement porté sur les nitrates et
les éléments traces métalliques (etm). Aﬁn de quantiﬁer les transferts de ces polluants
dans les sols et d'en comprendre les déterminants, ma démarche a été de mettre en place
des expérimentations à plusieurs échelles spatiales (au laboratoire en colonnes de sol et en
plein champ), puis à utiliser ces résultats dans des modèles de simulation aﬁn de mettre
en évidence les processus géochimiques en jeu et de simuler des impacts à long terme pour
les etm ou à l'échelle régionale pour les nitrates.
Lors de l'épandage d'un lisier de porc riche en azote sous forme organique et ammoniacal,
les nitrates sont essentiellement produits par nitriﬁcation avant d'être lixiviés, mais plus
tardivement que les autres anions, notamment les chlorures initialement présents dans le
lisier. Ainsi, pour deux grands types de sols de la Réunion (un cambisol andique et un
nitisol), les transferts de nitrates sont ralentis du fait d'une capacité d'échange anionique,
mais ils entrent en compétition avec les chlorures pour l'adsorption sur les charges, va-
riables avec le pH, de ces sols. Néanmoins, ils demeurent disponibles pour les cultures plus
longtemps, permettant une gestion agronomique des apports de pro et réduisant les risques
de transferts vers le sous-sol. À l'échelle du territoire de l'ouest de la Réunion, les zones les
plus vulnérables aux transferts de nitrates ont été identiﬁé grâce aux caractéristiques des
sols et à l'élaboration d'un indice de vulnérabilité.
La mobilité des etm a été mesurée en colonne de sol ainsi qu'en conditions réelles sur le
terrain. Les etm présentent un comportement très diﬀérent des nitrates puisqu'ils n'ont
jamais montré de transfert au-delà des vingt premiers centimètres de sols. La probléma-
tique de contamination des nappes phréatiques ne se pose donc pas pour ces éléments. En
revanche, nous avons utilisé un modèle empirique réalisant des bilans  entrée / sortie 
pour quantiﬁer l'accumulation à long terme des etm dans les couches superﬁcielles. Ce
modèle a été validé pour un sol sur lequel quatorze cycles de cultures maraîchères ont été
menés. Un rapide dépassement des seuils réglementaires pour le zinc a été mis en évidence.
Mon projet de recherche s'articule autour de l'utilisation de deux sites expérimen-
taux, lourdement instrumentés, pour comprendre la dynamique des grands cycles biogéo-
chimiques après apports de pro, mais également pour quantiﬁer les ﬂux de deux types de
contaminants, les etm et les composés traces organiques, dans les diﬀérents compartiments
de l'agro-écosystème et ce, sur le long terme.
Le premier site est celui du soere pro de la Réunion. Il a été mis en place en 2013 sur la
station du Cirad à La Mare. Des boues de step, des lisiers de porc et des litières de vo-
lailles sont apportés sur une culture de canne à sucre. Le second site est celui de la station
de l'Isra (institut sénégalais de recherche agricole) à Sangalkam où des boues de step,
des litières de volaille et des digestats de méthanisation sont apportés sur des cultures
maraîchères. Dans ces deux situations, les ﬂux d'eau et de solutés sont mesurés continuel-
lement, les lixiviats, le sol et les cultures sont régulièrement échantillonnés. L'objectif est
d'identiﬁer les déterminants de la mobilité des contaminants entre les compartiments et de
quantiﬁer ces transferts. Par ailleurs, sur le site de la Réunion, les ﬂux de CO2 et de N2O
sont également mesurés plusieurs fois par jour aﬁn d'améliorer le bouclage des cycles des
éléments majeurs.
Sur le site de Sangalkam, l'inﬂuence des pro sur la qualité nutritionnelle des cultures ma-
raîchères et sur la résistance aux bio-agresseurs et aux ravageurs sera évaluée. Par ailleurs,
nous déterminerons un niveau d'intensiﬁcation durable optimal préservant la qualité des
sols et n'impactant pas négativement les autres compartiments de l'écosystème, dont les
cultures.
L'acquisition de données de référence et le suivi sur le long terme des contaminants sont
des étapes indispensables pour renseigner et utiliser des modèles permettant d'évaluer leur
devenir et de prédire les éventuels risques associés.
AVANT-PROPOS
Au cours de ma formation initiale en géologie à l'université de Rennes, quelles qu'aient
été les disciplines enseignées (paléontologie, volcanisme, sédimentologie, etc.), j'ai tout de
suite été fasciné par cet aller-retour incessant, mais nécessaire, entre les observations de ter-
rain et leurs fondements théoriques. Au fur et à mesure, mes centres d'intérêts en sciences
de la terre se sont rapprochés de la surface jusqu'à sa couche la plus superﬁcielle, le sol.
Cette ﬁne couche, qui m'a tant embêtée pour trouver un aeurement rocheux pendant mes
stages de cartographie, était enseignée par Guilhem Bourrié alors détaché de l'Inra comme
professeur à l'université de Rennes 1. Or, mon second centre d'intérêt étant la géochimie, il
m'a proposé de m'orienter après la maitrise vers le dea national de science du sol. Dans le
contexte tempéré des sols hydromorphes de Bretagne et des processus d'oxydo-réduction
qui s'y développe, j'ai donc réalisé mon stage, en 1998, puis ma thèse, soutenue en 2001,
sous la direction de Guilhem Bourrié et de Fabienne Trolard, au laboratoire de science
du sol de l'Inra de Rennes dans un premier temps. Ces derniers ayant été appelés pour
développer l'unité  géochimie des sols et des eaux  à Aix-en-Provence, j'ai donc terminé
d'écrire ma thèse là-bas, en 2001, dans un second temps. Entre temps, durant les mois de
février et mars 2000, au court d'un séjour en Amazonie, j'ai découvert la dynamique du
fer dans les sols ferrugineux tropicaux avec Emmanuel Fritsch, chercheur à l'ird ; un signe
précurseur peut-être.
J'ai ensuite été recruté au Cirad et aﬀecté à la Réunion, en août 2001, en tant que
 biogéochimiste  pour travailler sur le recyclage des déchets organiques en contexte tro-
pical. Armé de mon bagage de géochimiste, je me suis progressivement intéressé aux in-
teractions entre la solution du sol et la phase solide ; les sols tropicaux et surtout les sols
volcaniques présentant des caractéristiques géochimiques et minéralogiques si particulières
et nouvelles pour moi. Pour cela, j'ai commencé à travailler sur les transferts de solutés aux
échelles de la colonne de sol puis de la parcelle. Cette période (20012011) à la Réunion
fut exaltante, mais après dix années, j'ai saisi l'opportunité de rebondir avec une nouvelle
aﬀectation au Sénégal. Si la problématique du recyclage agricole des déchets organiques
est constante, le contexte agro-pédologique du maraîchage en milieu périurbain est tout
autre.
Au cours de ce parcours, j'ai travaillé avec de nombreux chercheurs, ingénieurs et tech-
niciens, en particulier ceux de mon unité de recherche, j'ai encadré de nombreux stagiaires
et j'ai participé à l'encadrement de plusieurs doctorants. Que toutes ces personnes soient
ici remerciées pour leurs collaborations, leurs échanges et leurs interactions.
Enﬁn, je dédie ce mémoire et tout le fruit de mon travail à ma petite famille, Carole,
Édouard et Charles, sans lesquels je ne serais pas aussi heureux aujourd'hui.
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CHAPITRE 1
CURRICULUM VITÆ
1.1 État civil
Frédéric feder,
né le 26 septembre 1972 à Nancy (France), marié, deux enfants.
Coordonnées professionnelles actuelles :
Lemsat (IrdIsraUcad), campus de Bel-Air, route des hydrocarbures, bp 1386,
18524 Dakar, Sénégal.
Téléphone : +221 33 849 33 17 ; adresse email : frederic.feder@cirad.fr
1.2 Études, diplômes et parcours professionnel
1991  1994 : Deug A de  science et structure de la matière , mention physique, chimie
et science de la terre (pcst), université de Rennes i.
1994  1996 : licence et maîtrise de  science de la terre  (mentions assez bien), univer-
sité de Rennes i.
1996  1997 : diplôme de  dynamique de l'eau et télédétection  (mention assez bien)
délivré par le Cned de Rennes et le laboratoire Costel.
1997  1998 : dea (master 2) national de  science du sol  (mention assez bien), diplôme
co-habilité Ensar, Ina-pg, Ensam et université H. Poincaré (Nancy i).
1998  2001 : thèse de doctorat intitulée  dynamique des processus d'oxydo-réduction
dans les sols hydromorphes. Monitoring in situ de la solution du sol et des phases
solides ferrifères. . Université d'Aix-Marseille iii.
Bourse de doctorat ﬁnancée par le ministère de l'éducation nationale et de la re-
cherche. Doctorat réalisé au laboratoire de science du sol de l'Inra de Rennes et à
l'unité de recherche  géochimie des sols et des eaux  de l'Inra à Aix-en-Provence
sous la direction de G. Bourrié et F. Trolard.
2001  aujoud'hui : chercheur en science du sol dans l'unité  recyclage et risque  du
Cirad (centre de coopération internationale en recherche agronomique pour le dé-
veloppement), département Persyst (performances des systèmes de production et
de transformation tropicaux) :
 septembre 2001  octobre 2011 : aﬀecté à la Réunion (Cirad, station de la
Bretagne) ;
 depuis novembre 2011 : aﬀecté au Sénégal (lmi iesol, Dakar).
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1.3 Formations complémentaires
1. Formation à l'étude et à la modélisation des transferts d'eau : Montpellier, cinq jours,
septembre 2002.
2. Formation en statistiques spatiales : Montpellier, cinq jours, mars 2004.
3. Formation en statistique sous sas et r : Saint-Denis, cinq jours, avril 2005.
4. Formation à r : Saint-Denis, cinq jours, mai 2005.
5. Formation à l'utilisation des centrales d'acquisition Campbell : Saint-Denis, trois
jours, septembre 2005.
6. Formation aux sig : Saint-Denis, trois jours, avril 2007.
7. Formation à la rédaction scientiﬁque en anglais : Saint-Denis, quatre jours, septembre
2007.
8. Formation aux transferts d'eau et solutés à l'aide des logiciels Hydrus, Phreeqc
et hp1 : Montpellier, cinq jours, septembre 2008.
9. Formation à l'utilisation du logiciel Arcgis : Saint-Denis, cinq jours, avril 2009.
10. Formation à la programmation en crbasic et au matériel Campbell : Paris, deux
jours, février 2013.
11. Formation à la pratique de l'anglais : Saint-Denis, 27 heures, de février à juin 2010.
12. Formation à la pratique de l'anglais : par téléphone, quinze heures, de avril à sep-
tembre 2013.
13. Formation aux suivis et aux mesures de gaz in situ : Paris, deux jours, octobre 2015.
1.4 Distinction et prix
Au cours de la 19e réunion des sciences de la terre (rst) à Nantes en juin 2002, j'ai
reçu le prix Haüy-lacroix 2002 décerné par la société française de minéralogie et de
cristallographie (sfmc) pour mon travail de thèse.
1.5 Aﬃliation à des sociétés savantes
Je suis membre de l'association française pour l'étude des sols (Afes) depuis 1997.
J'ai été élu quatre fois au conseil d'administration (20012004, 20052008, 20092012 et
20132016) et j'ai été vice-président pendant deux ans (20062007). Je participe aux ac-
tivités scientiﬁques et administratives de cette société savante, la seule existante dans ma
discipline. J'ai été rédacteur de la lettre trimestrielle de l'Afes de 2003 à 2012.
Depuis 2012, je coordonne avec Ch. Walter la réalisation de webinaires pour l'Afes. Ce
sont des vidéo-conférences diﬀusées en direct sur internet sur diﬀérents thèmes relatifs au
sol et à la recherche en science du sol (https://vimeo.com/channels/webinairesafes).
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nomiques et environnementaux . Cirad, Prasac, Ademe, diaporama (23 vues),
Douala, Cameroun, 2011/09/12-16.
6. Doelsch, E., Saint Macary, H., Feder, F., Moussard, G. D., Chevassus-Rosset, Cl.,
Cazevieille, P., Bravin, M., Thuriès, L., Basile, I., Bottero, J. Y., Garnier, J.-M.,
Masion, A., Rose, J., Moustier, S., Gaudet, J.-P., Legros, S., Levard, Cl., Collin, Bl.,
Guigues, S., Van de Kerchove, V., Payet, N., Garnier, J.-N., Bracco, I., Badat, F. et
Navarro, O. 2012. Contexte régional et enjeux agronomiques et environnementaux
du recyclage en agriculture des boues à la Réunion : session 6. Gestion des risques
environnementaux. In : séminaire  Enjeux et conditions de la mobilisation de la
matière organique issue des déchets (ménagers et organiques) dans les pays du Sud.
Impacts agronomiques et environnementaux . Cirad, Prasac, Ademe, diaporama
(14 vues), Douala, Cameroun, 2011/09/12-16.
2.7 Articles de presse et autre
À plusieurs reprises, j'ai été interviewé par des journalistes de la presse écrite et audio-
visuelle de la Réunion. Je retiendrais les articles suivants :
 Le grand paradoxe des sols réunionnais. Deux pleines pages dans le Journal de la
Réunion, supplément De Natura du 29/05/2009.
 Une diversité inouïe sur une petite île. Un tiers de page dans Agronews, no 2 de
11/2009.
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Tableau 2.1  Données bibliométriques synthétiques extraites du Web of ScienceTM au 5
juin 2016.
Nombre de publication de rang A 12
Nombre de publication dans des revues à comité de lecture sans facteur d'impact 4
Nombre total de publication dans des revues à comité de lecture 16
Nombre de publications comme premier ou second auteur 8
Nombre de citations total 153
Nombre de citations pour l'article le plus cité 58
Facteur H 6
 Station d'épuration du Grand-Prado : Que faire des boues et des eaux épurées? Trois
quart de page dans Le Quotidien du 31/01/2011.
 Utiliser les eaux épurées pour irriguer les champs. Un quart de page dans Agronews,
no 4, 05/2011.
2.8 Données bibliométriques synthétiques
Les tableaux 2.1 et 2.2 présentent les données synthétiques extraites duWeb of ScienceTM
à la date du 5 juin 2016. Pour la moitié de ces publications, je suis premier ou deuxième
auteur. Les autres situations reﬂètent principalement ma participation à des travaux de
thèse pour lesquels je n'étais pas l'encadrant principal. Je suis auteur ou co-auteur de huit
articles au cours des cinq dernières années (de 2012 à 2016 inclut), soit en moyenne 1,6
article par an.
Sur les douze articles de rang A, huit font partis du premier quartile dans leur domaine
et deux articles du deuxième quartile ; la majorité des articles sont donc publiés dans les
meilleurs revues de leur domaine. Les domaines de publication sont nombreux (7) mais
restent regroupés autour de la science du sol et de ses disciplines connexes.
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Tableau 2.2  Données bibliométriques synthétiques. Les facteurs d'impact et les quartiles
sont ceux de l'année de publication.
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CHAPITRE 3
ADMINISTRATION ET ANIMATION DE LA RECHERCHE
3.1 Administration de la recherche
3.1.1 Participation à des projets déposés
1. Organo-mineral interactions : nanoscale mechanisms for carbon sequestration in soils
(NanoSoilC). Projet coordonné par I. Basile-Doelsch (Inra, ur géochimie des sols et
des eaux). Financement demandé à l'agence nationale de la recherche (France) dans
l'appel d'oﬀre Déﬁ 1 (2016) ; le budget prévisionnel du projet est de 650 ke.
3.1.2 Coordonnateur principal de projets en cours
1. 20132030 : Système d'observation et d'expérimentation sur le long terme pour la re-
cherche en environnement consacré aux produits résiduaires organiques à la Réunion
(Soere Pro Réunion). Projet coordonné par F. Feder et J.-M. Paillat (Cirad,
ur recyclage et risques) et ﬁnancé par Veolia Eau, l'État et l'Europe (convention
11114D974000051) et AllEnvi ; le budget annuel du projet est de 330 ke.
2. 20162018 : Intense Maraîchage. Projet coordonné par F. Feder avec S. Simon et
ﬁnancé par le métaprogramme GloFoodS Transitions pour la sécurité alimentaire
mondiale  ; le budget du projet est de 35 ke.
3.1.3 Coordonnateur d'une tâche ou d'une action de projets en cours
1. 20132016 : Externalités négatives de l'intensiﬁcation des sols cultivés en milieu péri-
urbain : méthodes et outils d'évaluation et pratiques alternatives. Projet no 03.grn.05
coordonné par E. Hien (université de Ouagadougou) et ﬁnancé par leCoraf/wecard
dans le cadre de l'appel à propositions de notes conceptuelles de projets Recherche
et développement sur la gestion des ressources naturelles  ; le budget du projet est
de 485 ke.
2. 20162017 : Mise en ÷uvre du volet  recherche scientiﬁque  du programme national
de biogaz domestique au Sénégal. Projet coordonné par S. Legros et ﬁnancé par le
programme national de biogaz domestique au Sénégal ; le budget du projet est de 30
ke.
3. 20162019 : Diagnosis of waste treatments for contaminant fates in the environment
(Digestate). Projet coordonné par E. Doelsch (Cirad, ur recyclage et risques) et
ﬁnancé par l'agence nationale de la recherche ; le budget du projet est de 690 ke.
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3.1.4 Coordonnateur principal de projets terminés
1. Biogéochimie des sols en interaction avec l'apport de déchets. Projet coordonné par
F. Feder (Cirad, ur recyclage et risques) et ﬁnancé par le Cirad, la région Réunion
et le Feoga (20022006) ; le budget annuel du projet était de 50 ke.
2. Évaluation des risques liés au transfert des polluants à travers les sols et vers les
nappes. Projet coordonné par F. Feder (Cirad, ur recyclage et risques) et ﬁnancé
par le ministère de l'outre-mer et la Diren Réunion (20062009) ; le budget du projet
était de 105 ke.
3. Création et pilotage de systèmes de cultures adaptés aux risques environnementaux.
Projet coordonné par F. Feder (Cirad, ur recyclage et risques) et ﬁnancé par le
Cirad, la région Réunion et le Feader (20082011) ; le budget annuel du projet
était de 50 ke.
4. Étude complémentaire portant sur l'impact de l'utilisation des eaux épurées sur les
sols et le développement des végétaux. Projet coordonné par F. Feder (Cirad, ur
recyclage et risques) et ﬁnancé par la Cinor (20102014) ; le budget du projet était
de 285 ke.
3.1.5 Coordonnateur d'une tâche ou d'une action de projets terminés
1. Méthodes d'évaluation de l'impact agronomique et environnemental du recyclage agri-
cole des déchets agro-industriels. Contribution à la mise au point d'outils d'aide au
suivi et à la planiﬁcation des épandages d'euents par l'étude des mécanismes bio-
géochimiques aﬀectant la mobilité et la disponibilité des solutés dans les sols. Projet
coordonné par H. Saint Macary et S. Marlet (Cirad, ur recyclage et risques et umr
G-eau) et ﬁnancé par le Cirad dans le cadre de l'action thématique programmée
atp 2000/10 (20012004) ; le budget du projet était de 1095 ke.
2. Recyclage agricole des déchets organiques dans les sols tropicaux : quel impact sur les
transferts d'éléments traces métalliques (île de la Réunion)? Projet coordonné par
E. Doelsch (Cirad, ur recyclage et risques) et ﬁnancé par l'Ademe dans le cadre
du programme Gessol2 (20042008) ; le budget du projet était de 110 ke.
3. Étude de la zone non saturée sur le site de La Mare. Projet coordonné par M. Moulin
(brgm, la Réunion), ﬁnancé par le conseil général et la Diren Réunion (20042006) ;
le budget du projet était de 10 ke.
4. Les complexes organo-minéraux du sol : rôle sur la dynamique de séquestration du
carbone. Projet coordonné par I. Basile-Doelsch (université de Aix-Marseille III) et
ﬁnancé par le programme national acifns  ecco (écosphère continentale : proces-
sus et modélisation)  (20042007).
5. Run Innovation II. Projet coordonné par Phytorem R© et ﬁnancé par la région Réunion,
le fonds unique interministériel (20072010) ; le budget du projet était de 1300 ke.
6. Intensiﬁcation écologique des systèmes de production agricoles par le recyclage des
déchets (Isard). Projet coordonné par H. Saint Macary (Cirad, ur recyclage et
risques) et ﬁnancé par l'agence nationale de la recherche (France) dans le cadre de
l'appel à projet Systerra 2008 (20092012) ; le budget du projet était de 960 ke.
7. Gestion intégrée des résidus organiques par la valorisation agronomique à la Réunion
(Girovar). Projet coordonné par T. Wassenaar (Cirad, ur recyclage et risques) et
ﬁnancé par le ministère de l'alimentation, de l'agriculture et de la pêche dans le cadre
de l'appel à projet cas-dar 2010 (20102014) ; le budget du projet était de 287 ke.
8. Création d'un résau d'essais au champ pour l'étude de la valeur agronomique et des
impacts environnementaux et sanitaires des produits résiduaires organiques recyclés
3.2. Animation de la recherche 29
en agriculture (Réseau Pro). Projet coordonné par l'association de coordination tech-
nique agricole (Acta) et ﬁnancé par le ministère de l'alimentation, de l'agriculture et
de la pêche dans le cadre de l'appel à projet cas-dar 2010 (20102014) ; le budget
du projet était de 500 ke.
3.1.6 Expertises publiques et privés
1. Agronomical impact of vinasse spreading in irrigated soils. Expertise réalisée par F.
Feder et J. Sansoulet (Cirad, ur recyclage et risques) et ﬁnancée par Sucre austral
(2007, montant 12 ke).
2. Étude de la faisabilité des rejets de l'installation de traitement des lixiviats de l'instal-
lation de stockage des déchets non dangereux de la Civis. Tierce expertise du Cirad
réalisée par F. Feder (Cirad, ur recyclage et risques) et ﬁnancée par la Civis (2010,
montant 5 ke).
3. Euents porcins aux Seychelles. En 2011, j'ai intégralement construit le montage ﬁ-
nancier, partenarial et scientiﬁque de cette expertise réalisée en 2012 par mon collègue
J.-L. Farinet en collaboration avec deux experts de la Daaf et de la frca (fédération
régionale des coopératives agricoles). Le montant total du projet est de 39 ke ﬁnancé
par le fonds de coopération régional (fcr) et le programme opérationnel européen
de coopération territorial (poct).
4. Étude et dimensionnement d'une unité pilote de compostage à la compagnie sucrière
du Sénégal, Richard Toll, Sénégal. Expertise réalisée par J.-L. Farinet et F. Feder
(Cirad, ur recyclage et risques) et ﬁnancée par la compagnie sucrière du Sénégal
(2014, montant 9 ke).
5. Étude de l'utilisation d'eaux usées épurées pour l'irrigation de cultures ou d'espaces
verts à la Réunion. Projet réalisé par M. Bravin, E. Doelsch et F. Feder (Cirad, ur
recyclage et risques) et ﬁnancé par l'oﬃce de l'eau de la Réunion (2015) ; le budget
du projet était de 16 ke.
3.2 Animation de la recherche
3.2.1 Responsabilités, management
De 2004 à 2011, j'ai été le responsable d'un technicien basé sur la station du Cirad
de la Bretagne et, de 2007 à 2011, j'ai également été le responsable scientiﬁque de quatre
à cinq techniciens basés sur la station du Cirad des Colimaçons. Ces encadrements scien-
tiﬁques consistaient à planiﬁer, coordonner et organiser leurs activités puis à réaliser le
suivi et la bonne réalisation de ces activités. De plus, j'assurais intégralement la responsa-
bilité administrative de ces techniciens : gestion au quotidien des congés, des missions, des
formations et gestion annuelle de leur parcours professionnel (entretien annuel obligatoire,
perspectives d'évolution de carrière, etc.).
De 2009 à 2011, j'ai assuré les fonctions d'animation scientiﬁque et administrative du pro-
gramme Pilmo regroupant les membres de l'unité de recherche basés à la Réunion (6
chercheurs, plusieurs doctorants et VCAT et 7 techniciens). Au niveau scientiﬁque, cette
tâche consistait à coordonner les synthèses des travaux de recherche de l'équipe et à les
restituer semestriellement auprès de la direction régionale du Cirad Réunion et des parte-
naires ﬁnanceurs (État, conseil régional de la Réunion, département de la Réunion, autres
partenaires scientiﬁques institutionnels et privés, etc.).
De 2009 à 2011, j'ai été membre du comité éditorial d'Agronews (le magazine semestriel du
Cirad Réunion). À ce titre, je sollicitais des auteurs, je participais aux choix des articles
et je participais aux corrections aux diﬀérentes étapes de la réalisation du magazine.
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3.2.2 Partenariats
Partenariats construits à la Réunion
Les partenariats que j'ai initié et développé ou entretenu au cours de mon parcours
professionnel à la Réunion sont les suivants :
 le laboratoire Géosciences Réunion (université de la Réunion) ;
 l'ur Aïda (Cirad);
 le brgm de la Réunion ;
 les umr lthe (laboratoire d'étude des transferts en hydrologie et environnement),
Eco&sol, Ecosys (anciennement umr egc) et Cerege (centre européen de re-
cherche et d'enseignement des géosciences de l'environnement) ;
 les sociétés Phytorem, Ecoﬁlæ et Veolia Eau (Réunion).
Partenariats construits au Sénégal
Les partenariats que j'ai initié et développé ou entretenu au cours de mon parcours
professionnel au Sénégal sont les suivants :
 le laboratoire national de recherches sur les productions végétales (lnrpv) de l'Isra
(institut sénégalais de recherche agricole) ;
 le centre pour le développement de l'horticulture (cdh) de l'Isra (institut sénégalais
de recherche agricole) ;
 la faculté des sciences et techniques de l'université Cheikh Anta Diop de Dakar ;
 l'ur Hortsys (Cirad) ;
 l'ufr svt de l'université de Ouagadougou ;
 le laboratoire d'hydraulique et de maitrise de l'eau (lhme) de l'université d'Abomey-
Calavi ;
 le programme national biogaz domestique du Sénégal (pnb-sn) du ministère de l'éner-
gie et du développement des énergies renouvelables du Sénégal.
3.2.3 Participation aux réﬂexions scientiﬁques interne et externe
Depuis 2012, je suis co-responsable des animations scientiﬁques de l'unité  recyclage
et risques , avec mon collègue T. Wassenaar. Notre tâche consiste à élaborer une stratégie
annuelle, à rechercher des intervenants extérieurs et à organiser et animer tous les mois ces
animations scientiﬁques. Les objectifs recherchés sont multiples, mais il s'agit principale-
ment de créer une dynamique d'équipe autour de nos thèmes intégrateurs, de s'informer
et d'échanger avec la communauté scientiﬁque, voire d'imaginer et faire germer nos futurs
projets de recherche intégrateurs.
3.2.4 Évaluation d'articles scientiﬁques
Depuis 2001, j'ai relu et évalué 17 articles pour les journaux suivants : Journal of En-
vironmental Management (5), Journal of Arid Environment (2), Plant and Soil (2), Soil
Research (continuing Australian Journal of Soil Research) (1), European Journal of Soil
Science (1), African Journal of Agricultural Research (1), Journal of Geochemical Explo-
ration (1), Geochemistry: Exploration, Environment, Analysis (1), Archives of Agronomy
and Soil Science (1), Polish Journal of Environmental Studies (1) et Vertigo, revue des
sciences de l'environnement (1).
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3.2.5 Évaluation de projets scientiﬁques
Depuis 2012, je suis membre du comité de sélection des projets proposés au fonds d'im-
pulsion pour la recherche scientiﬁque et technique (First) du ministère de l'enseignement
supérieur de la recherche du Sénégal. Je suis membre de deux commissions (agriculture
et environnement). Tout les ans, j'évalue une trentaine de dossiers scientiﬁques au sein de
chacune de ces commissions.
Depuis 2014, je participe, au nom du Cirad, au comité de sélection des bourses de thèse
et de post-doctorat du service de coopération et d'action culturelle (Scac) de l'ambassade
de France à Dakar. Pour la session de 2015, j'ai évalué et commenté près de 150 dossiers.
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CHAPITRE 4
ACTIVITÉS D'ENCADREMENT ET DE FORMATION
4.1 Activités d'encadrement
4.1.1 Encadrements principal de thèses
1. Diallo, F. : Impacts à long terme du recyclage des matières organiques en maraîchage.
Université Cheikh Anta Diop de Dakar. Thèse commencée le 1er janvier 2016.
2. Hodomihou, R. N. : Comment concilier l'intensiﬁcation de l'agriculture périurbaine
à l'aide d'intrants organiques et la préservation durable des agrosystèmes tropicaux?
Soutenance prévue au second semestre 2016 à l'université d'Abomey-Calavi (Bénin).
3. Diallo-Ntoma, R. : Eﬀets à long terme d'apports intensifs et répétés de matières orga-
niques sur l'évolution des sols maraîchers de la région de Dakar (Sénégal). Soutenance
prévue au premier semestre 2017 à l'université Cheikh Anta Diop de Dakar.
4.1.2 Référent scientiﬁque de thèse pour une partie des activités de
recherche
1. Bernard, H. (2004) : Évaluation des risques de transfert d'herbicides dans les sols tro-
picaux de l'ouest de l'île de la Réunion. Thèse de doctorat de l'université de Poitiers.
Dans le cadre de cette thèse, j'ai appuyé le doctorant dans l'élaboration de ses pro-
tocoles de suivis et dans la mise en place de son expérimentation sur le terrain (La
Saline, antenne d'irrigation 4).
2. Payet, N. (2005) : Impact des apports de lisier sur un sol cultivé de la Réunion : étude
expérimentale et modélisation des ﬂux d'eau et de nitrate dans la zone non saturée.
Thèse de doctorat de l'université de la Réunion.
Dans le cadre de cette thèse, j'ai participé avec le doctorant à la conception et la
mise en place de son expérimentation sur le terrain (station des Colimaçons) puis à
l'analyse et l'interprétation de ses résultats. Les références Feder et al. (2004), Payet
et al. (2004, 2009) reﬂètent ce travail.
3. Legros, S. (2008) : Évaluation multi-échelle de l'impact environnemental de l'épandage
de lisier de porc sur un sol tropical (île de la Réunion) : spéciation et modélisation du
comportement du cuivre et du zinc. Thèse de doctorat de l'université de la Réunion.
Dans le cadre de cette thèse, j'ai appuyé le doctorant pour la conception et la mise en
place de son expérimentation sur le terrain (station des Colimaçons) puis à l'analyse
et l'interprétation de ses résultats. L'article Legros et al. (2013) reﬂète ce travail.
4. Rabetokotany, N. (2013) : Matières organiques issues de l'élevage et de la ville en
milieu tropical : apports de la spectrométrie proche infra-rouge (Spir) pour orienter
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leurs usages agronomiques et/ou énergétiques. Thèse de doctorat de l'université de
la Réunion et de l'université d'Antananarivo.
Dans le cadre de cette thèse, j'ai appuyé la doctorante pour l'élaboration d'un outil
de hiérarchisation et de classiﬁcation des propriétés des matières organiques.
4.1.3 Participations à des comités de pilotage de doctorats
1. Pautremat, N. : Conséquences du recyclage agricole de déchets agro-industriels li-
quides et fermentescibles sur la mobilité de métaux préexistants dans le sol (Fe, Mn,
Cr, Ni) ; interactions entre transfert, microbiologie et réactivité géochimique abio-
tique. Université d'Avignon et des Pays de Vaucluse.
2. Bernard, H. : Évaluation des risques de transfert d'herbicides dans les sols tropicaux
de l'ouest de l'île de la Réunion. Université de Poitiers.
3. Payet, N. : Impact des apports de lisier sur un sol cultivé de la Réunion : étude ex-
périmentale et modélisation des ﬂux d'eau et de nitrate dans la zone non saturée.
Université de la Réunion.
4. Legros, S. : Évaluation multi-échelle de l'impact environnemental de l'épandage de
lisier de porc sur un sol tropical (île de la Réunion) : spéciation et modélisation du
comportement du cuivre et du zinc. Université de la Réunion.
5. Perrin, A. : Évaluation environnementale des systèmes agricoles urbains en Afrique
de l'Ouest : Implications de la diversité des pratiques et de la variabilité des émis-
sions d'azote dans l'analyse du cycle de vie de la tomate au Bénin. Université de
Montpellier.
6. Rabetokotany, N. : Matières organiques issues de l'élevage et de la ville en milieu
tropical : apports de la spectrométrie proche infra-rouge ( spir) pour orienter leurs
usages agronomiques et/ou énergétiques. Universités de la Réunion et d'Antanana-
rivo.
7. Nobile, C. : Spéciation et phytodisponibilité du phosphore dans les sols tropicaux amen-
dés en Pro. Université de la Réunion.
4.1.4 Encadrements de stages
1. Sevagamy, V. (2002) : Caractérisation et aménagement de parcelles destinées à l'éva-
luation du risque environnemental des pratiques agricoles.Mémoire du dess  études
d'impacts environnementaux . Université Montesquieu, Bordeaux iv, 106 p.
2. Gosme, M. (2002) : Agro-épuration des vinasses de distillerie sur l'île de la Réunion.
Rapport de stage de deuxième année d'ingénieur, Ensar, Rennes, France, 83 p.
3. Calichiama, L. (2003) : Transformations physico-chimiques et transfert de solutés
dans un andosol liés à l'épandage d'un déchet organique. Rapport de stage d'ingénieur-
maître, iup  environnement , département  environnement technologies et socié-
tés , 66 p.
4. Levrel, G. (2004) : Dynamique et spécialisation des éléments traces métalliques (etm)
dans un sol volcanique tropical après épandage de boue de step. Mémoire du dea
national de sciences du sol. Université H. Poincaré, Nancy i.
5. Olivier R. (2005) : Étude d'une toposéquence dans l'île de la Réunion. Rapport de
stage de troisième année. inh, Angers, France, 31 p.
6. Bochu, V. (2006) : Impacts de l'épandage d'un lisier de porc sur un Nitisol de l'île
de la Réunion. Mémoire de ﬁn d'étude de l'école supérieure d'agriculture d'Angers,
France.
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7. Blondel, A. (2007) : Caractérisation hydro-géochimique des diﬀérents types d'eaux
dans les sols volcaniques de la Réunion. Mémoire de deuxième année de master re-
cherche  transfert-sol-aquifère , université d'Avignon.
8. Oliviero, A. (2009) : Suivi des nitrates dans des sols à capacité d'échange anionique.
Mémoire de ﬁn d'études ingénieur de l'Enesad, spécialité agriculture, 45 p.
9. Vessière, H. (2010) : La valorisation de la matière organique sur l'ouest de la Réunion :
caractérisation des pratiques de fertilisation et hiérarchisation des risques de lixivia-
tion des nitrates. Mémoire de ﬁn d'études de l'Istom, 121 p.
10. Roux, L. (2010) : Caractérisation des sols par Spir (spectrométrie proche infrarouge),
suivi de la matière organique et des etm dans les sols à la Réunion et comparaison
de diﬀérents itinéraires techniques. Mémoire de ﬁn d'études d'école d'ingénieur de
Purpan, 177 p.
11. Bièque, S. (2011) : Impacts de l'utilisation d'eau usée épurée sur le sol et le déve-
loppement de végétaux. Mémoire de deuxième année pour le diplôme d'ingénieur
AgroParisTech, 43 p.
12. Ashenaﬁ, M. S. (2013) : Adaptation d'un logiciel de pilotage de l'irrigation à la réutili-
sation des eaux usées.Mémoire de deuxième année de master Stic et santé, spécialité
 bioinformatique, connaissances, données , université de Montpellier ii.
13. Diallo, F. (2013) : Évaluation des risques de contamination des sols et des ressources
en eau souterraine par les éléments traces métalliques dans les systèmes intensifs
de production agricole périurbains recourant massivement aux produits résiduaires
organiques dans la région de Dakar (Sénégal). Mémoire de première année du master
 gestion durable des agro-écosystèmes horticoles , faculté des sciences et techniques,
université Cheikh Anta Diop de Dakar, 17 p.
14. Thiam, M. (2013) : Modèle de transport de solutés dans les sols avec évaluations des
risques environnementaux. Mémoire de master 2 de l'institut africain des sciences
mathématiques (Aims), Sénégal, 75 p.
15. Diallo, F. (2015) : Arrières eﬀets de la fertilisation organique des sols ferrugineux tro-
picaux dans la zone des Niayes sur les rendements des cultures maraichères.Mémoire
de deuxième année du master  gestion durable des agro-écosystèmes horticoles ,
université Cheikh Anta Diop de Dakar, faculté des sciences et techniques, 65 p.
4.1.5 Encadrements scientiﬁques directs de vcat et de vsc
1. Robin, J.-G. (24 mois) : dans le cadre du projet d'évaluation des transferts de ni-
trates vers les nappes que j'ai coordonné, réalisation des prélèvements pédologiques,
compilation des informations et synthèse cartographique.
2. Morel, J. (24 mois) : dans le cadre du projet RunInnovationII, suivi de l'expérimen-
tation d'apports de lisiers de porc en bambouseraie à Saint-Joseph.
3. Simon, E. (20 mois) : dans le cadre du projet Soere Pro Réunion, suivi de l'échan-
tillonnage, gestion de l'instrumentation.
4.2 Activités de formation
C'est au cours de ma thèse qu'il m'a été oﬀert l'opportunité de gouter à l'enseignement
à travers des travaux pratiques en géologie à l'université de Bretagne occidentale. Par la
suite, une fois au Cirad, j'ai réalisé plusieurs modules d'enseignements à l'université de la
Réunion et à l'université Cheikh Anta Diop de Dakar dans le domaine de la science du sol.
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4.2.1 Université de Bretagne occidentale
En 1999 et 2000, j'ai élaboré et réalisé des travaux pratiques en géologie à l'université
de Bretagne occidentale dans la licence de biologie coordonnée par L. Dabouineau. Au
cours de ces travaux pratiques, j'ai enseigné aux étudiants comment décrire, caractériser et
identiﬁer des roches volcaniques, sédimentaires et métamorphiques. J'ai réalisé dix séances
de travaux pratiques de trois heures.
4.2.2 Université de la Réunion
De 2005 à 2008, j'ai réalisé des enseignements en science du sol en licence et en maitrise
de biologie végétale : annuellement, trois cours magistraux de deux heures.
De 2001 à 2010, j'ai réalisé ponctuellement des enseignements au btsa  gestion de l'irri-
gation  du lycée agricole de Saint-Paul.
En 2010, j'ai réalisé un enseignement au sein de la licence professionnelle  agriculture et
développement durable  : deux cours magistraux de quatre heures.
4.2.3 Université Cheikh Anta Diop de Dakar
Depuis 2012, je suis responsable d'un module d'enseignement en science du sol au sein
du master Gedah  gestion durable des agro-écosystèmes horticoles  de la faculté des
sciences et techniques de l'université Cheikh Anta Diop de Dakar au Sénégal. Je réalise
environ seize heures de cours magistraux annuellement auprès des premières et deuxièmes
années de ce master. En outre, je réalise un cours d'introduction à la science du sol (de
quatre à huit heures annuellement) dans les masters Afeca ( agroforesterie, écologie et
adaptation ) et Biovem ( biotechnologies végétales et microbiennes ) de l'université
Cheikh Anta Diop de Dakar.
4.2.4 Autres formations dispensées
En 2010, j'ai réalisé une formation (huit heures) pour les agents de l'onf de la Réunion.
Il s'agissait de donner des bases en science du sol, d'expliquer la genèse et les propriétés
des sols de la Réunion et d'apporter des réponses aux problèmes auxquels les agents de
l'onf avaient été confrontés.
En 2015, avec mes collègues du Cirad à la Réunion, j'ai participé à la réalisation d'une
formation sur plusieurs jours pour les agents de la Daaf de la Réunion (2015). J'ai inté-
gralement réalisé trois modules :
 potentialité et fertilité des sols et rôle de la matière organique (une heure) ;
 pertes par érosion et lixiviation-lessivage (deux heures) ;
 présentation des expérimentations sur la station de La Mare (trois heures).
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CHAPITRE 5
ÉVOLUTION DES OXYDES DE FER ET DE LA GÉOCHIMIE
DES EAUX DANS LES SOLS HYDROMORPHES
Au cours de mon stage de dea en science du sol à Rennes, j'ai étudié la dynamique
de la géochimie de la solution du sol dans les sols hydromorphes en Bretagne. En eﬀet,
près de 20 % de la superﬁcie de la Bretagne présente des sols soumis à l'hydromorphie. De
plus, leurs positions dans les paysages, souvent à l'interface avec le réseau hydrographique,
exacerbe leur importance environnementale. Or, l'intensiﬁcation des systèmes de produc-
tion agricole et la forte concentration des élevages induisent des excédents en matières
organiques structurels en Bretagne diﬃciles à résorber. La compréhension des processus
géochimiques qui se déroulent dans les sols hydromorphes est donc primordiale pour com-
prendre les transformations des matières organiques et pour évaluer les impacts de leur
recyclage.
J'ai poursuivi cette thématique durant ma thèse en la complétant par un suivi de l'évolu-
tion de la minéralogie des oxydes de fer caractéristiques de ces milieux. La modélisation des
équilibres thermodynamiques de ces phases minérales avec la solution du sol m'apparait
comme un aboutissement dans la compréhension de ces dynamiques géochimiques. Avec le
recul, je réalise que j'ai ainsi baigné, dès mes débuts, dans l'instrumentation et le suivi des
paramètres du sol. Ce chapitre présente donc mes premiers travaux de recherche, encadrés
par G. Bourrié et F. Trolard de l'Inra, et qui ont donné lieu à quatre publications à facteur
d'impact (Feder et al., 1998 ; Bourrié et al., 2004 ; Feder et al., 2005 ; Trolard et al., 2007),
cinq communications orales (Feder et al., 1999b ; Klingelhöfer et al., 1999a ; Bourrié et al.,
2000 ; Feder et al., 2002 ; Bourrié et al., 2002) et quatre communications sous formes de
poster (Feder et al., 1999a, 2000 ; Klingelhöfer et al., 1999b ; Bourrié et al., 2007).
5.1 Les processus d'oxydo-réduction dans les sols hydromorphes
5.1.1 Éléments de contexte
Les zones humides sont des écosystèmes reconnus pour leur intérêt écologique, du fait
de leur diversité ﬂoristique et faunistique, mais également pour les services écosystémiques
indéniables et nombreux qu'elles rendent ; elles font l'objet de la convention internatio-
nale de Ramsar (1971) dont la mission est leur conservation et leur utilisation rationnelle.
En eﬀet, les zones humides jouent notamment un rôle clef sur les plans hydrologiques et
bio-géochimiques parce qu'elles sont à l'interface avec le réseau hydrographique. Les sols
hydromorphes sont caractéristiques de ces zones humides et accumulent souvent la matière
organique qui se dégrade lentement du fait de l'engorgement en eau et donc de la faible
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diﬀusion de l'oxygène. Les tourbières représentent un terme ultime de cette accumulation
de matières organiques. Lorsque les teneurs en matières organiques métabolisables sont
suﬃsantes, l'oxygène dissous est consommé par les micro-organismes aérobies puis anaé-
robies facultatifs suivis par les micro-organismes anaérobies stricts. En eﬀet, les réactions
d'oxydo-réduction sont fondamentales dans la nature parce qu'elles sont la source d'éner-
gie de tous les êtres vivants, qu'ils soient autotrophes ou hétérotrophes. Selon la séquence
classiquement acceptée, les nitrates, le manganèse, le fer et les sulfates sont successivement
utilisé comme accepteurs ﬁnaux d'électrons. Une fois les nitrates consommés, le fer devient
l'élément le plus impliqués dans les processus d'oxydo-réduction qui se développent dans
les sols hydromorphes car le manganèse présente habituellement de faibles concentrations
dans les sols tempérés. Ces processus d'oxydo-réduction complexes sont donc à l'origine
du potentiel épurateur des sols hydromorphes vis-à-vis des nitrates et des composés xéno-
biotiques essentiellement.
Cependant, les processus d'oxydo-réduction demeurent peu étudiés dans les écosystèmes.
Non pas qu'ils soient anecdotiques, mais principalement du fait de la diﬃculté de mesurer
et d'interpréter correctement le potentiel d'oxydo-réduction, d'une part et de préserver
rigoureusement des conditions représentatives du milieu d'autre part. En eﬀet, tous les
couples d'oxydo-réduction ne sont pas susceptibles d'imposer un potentiel à une électrode
à cathode métallique ; les couples où le fer intervient possèdent cette capacité vis-à-vis
des électrodes de platine. De plus, plusieurs couples d'oxydo-réduction peuvent interve-
nir conjointement et rendent l'interprétation et la signiﬁcation du potentiel mesuré, par
rapport au potentiel de Nernst utilisé comme référence, délicate.
5.1.2 Objectifs de la thèse
L'objectif général de ma thèse était de comprendre la dynamique des processus d'oxydo-
réduction in situ dans un sol hydromorphe ainsi que les équilibres thermodynamiques entre
les phases minérales et la solution du sol. Pour cela, nous avions décliné en plusieurs ob-
jectifs spéciﬁques le déroulement de mon travail.
Ainsi, le premier objectif spéciﬁque de ma thèse a été de mesurer les conditions géochi-
miques de la solution du sol et son suivi dans le temps. Bien que cela puisse paraitre trivial,
il a fallu imaginer, concevoir et mettre en place un dispositif pérenne et automatisé qui
perturbe le moins possible le milieu et qui ne modiﬁe pas les conditions d'oxydo-réduction
lors de l'analyse in situ ou de prélèvement ponctuels. Le second objectif spéciﬁque a été
de caractériser les phases minéralogiques ferrifères in situ et leurs transformations dans le
temps lors des modiﬁcations des conditions hydro-géochimiques suivies par ailleurs. Enﬁn,
le troisième objectif spéciﬁque a été de déterminer si certaines phases ferrifères spéciﬁques
à ces milieux étaient à l'équilibre avec la solution du sol et contrôlaient la dynamique du
fer en solution.
5.1.3 Les minéraux ferrifères dans les sols hydromorphes
Deux groupes de minéraux ferrifères, fondamentalement diﬀérents, coexistent dans les
sols hydromorphes. Les minéraux silicatés, généralement argileux, proviennent essentielle-
ment du substrat rocheux par altération hydrolytique ou simple micro-division. Ces mi-
néraux ne sont pas spéciﬁques des sols hydromorphes mais ils sont une source de fer et
potentiellement un puit. En eﬀet, Stucki et al. (1984), Fanning et al. (1989), Komadel et al.
(1995) et Drits & Manceau (2000) ont montré que ces minéraux étaient sensibles aux pro-
cessus d'oxydo-réduction de part la modiﬁcation du degré d'oxydation du fer structural.
Par ailleurs, parmi les oxydes et oxy-hydroxydes de fer, les plus communs dans les sols hy-
dromorphes sont les rouilles vertes (Feder et al., 2005), la g÷thite, la lépidocrocite et, dans
une moindre mesure, la ferrihydrite (Cornell & Schwertmann, 1996). Contrairement aux
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Figure 5.1  Schéma de formation des oxydes de fer. En abscisse, de gauche à droite le ra-
tio molaire O/(O + OH−) augmente. En ordonnée, le ratio molaire Fe3+/Fetot. augmente
de bas en haut ; d'après Trolard et al. (2007).
minéraux silicatés primaires, ces espèces sont labiles en milieu réducteur et se dissolvent en
libérant du fer Fe2+. La mobilité du cation Fe2+ est comparable à celle des alcalins ou des
alcalino-terreux et le fer Fe2+ peut être, ainsi, aisément transporté et redistribué dans le
paysage si le système est ouvert. Lorsque les conditions physico-chimiques sont oxydantes,
ces minéraux ferrifères peuvent précipiter.
La ﬁgure 5.1 montre que la fougérite, minéral de la famille des rouilles vertes, est le précur-
seur des autres oxydes de fer rencontrés dans les sols hydromorphes (Cornell & Schwert-
mann, 1996 ; Trolard et al., 2007). La fougérite est un hydroxyde lamellaire mixte de fer
Fe2+ et de fer Fe3+ appartenant au groupe structural des pyroaurites (Bourrié et al., 2004).
Schématiquement, les rouilles vertes sont des feuillets hydroxydes du type de la brucite
Mg(OH)2 mais composés de fer Fe2+ et de fer Fe3+ à la place du magnésium. Entre ces
feuillets chargés positivement du fait de charges supplémentaires induites par la présence
de fer Fe3+, des anions sont intercalés pour compenser ces charges. La formule structurale
est idéalement :
[Fe2+1−x Fe
3+
x (OH)2]
x+ [(xn)A
n−, m H2O]x−
où x = Fe3+/Fetot. et An− est un anion en position interfoliaire.
L'existence de rouilles vertes naturelles dans les sols a été démontrée, pour la première fois,
à l'aide des spectrométries Mössbauer mais aussi Raman, au cours des études réalisées à
Fougères sur le sol hydromorphe sous forêt étudié ici (Trolard et al., 1997). L'occurrence
de ce minéral naturel dans les sols est désormais prouvée sur diﬀérents types de matériaux
parentaux (par exemple sur schiste et sur granite en Bretagne) ainsi que dans des condi-
tions environnementales variées.
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Tableau 5.1  Caractéristiques pédologiques du sol de Fougères.
horizon
Sitot. Fetot. Altot. C pHeau pHKCl
A LF LG S
mmol.kg−1 g.kg−1
0  15 cm : horizon
holo-organique
13897 209 824 6227 4,4 3,7 76 365 451 108
15  50 cm : horizon
rédoxique
13636 210 830 2896 4,3 3,6 121 270 505 105
50  80 cm : horizon
réductique
12707 324 961 386 4,6 3,7 144 195 366 294
80 cm et plus : arène
granitique réductique
10926 623 1690 462 5 3,9 108 190 141 560
A = argiles (< 2µm) ; LF = limons ﬁns (220 µm) ; LG = limons grossiers (2050 µm) ;
S = sables (502000 µm).
5.2 Site d'instrumentation et méthodes de mesure
5.2.1 Le site expérimental de Fougères
Le hêtre, exploité en futaie, est l'essence dominante de la forêt domaniale de Fougères
qui s'étend sur environ 1 500 hectares à 50 km au nord-est de Rennes. Le climat est
océanique, la pluviométrie moyenne annuelle est de 900 mm tandis que les températures
moyennes oscillent entre 5 et 18oC. Le site expérimental est situé sur le versant nord-est
d'une vaste butte entaillée de talwegs rayonnants. Les sols se développent sur une arène
granitique sablo-limoneuse surmontée d'une couverture limoneuse d'origine éolienne héritée
de la dernière glaciation (tableau 5.1). D'amont en aval de ce versant, les sols bruns acides
faiblement lessivés évoluent vers des sols dégradés à structure glossique formant ainsi une
séquence d'alocrisols et de rédoxisols.
5.2.2 Instrumentation et suivi in situ
L'instrumentation mise en place sur le terrain est constitué d'un spectromètre Möss-
bauer miniaturisé pour caractériser les oxydes de fer, d'une sonde multiparamétrique desti-
née à l'acquisition de la physico-chimie de la solution du sol et d'un système de prélèvement
de cette solution pour analyse chimique (ﬁgure 5.2).
Le spectromètre Mössbauer Mimos II
Le spectromètre Mössbauer que nous avons utilisé a été miniaturisé et développé pour
la Nasa et l'agence spatiale européenne. Il était donc initialement destiné aux missions
spatiales vers la planète Mars et il a été spéciﬁquement adapté aux conditions et à l'envi-
ronnement terrestre (Klingelhöfer et al., 1999a). Pour utiliser le spectromètre sur le terrain,
nous avons mis au point un dispositif destiné à recevoir et protéger le spectromètre. Trois
parties forment ce dispositif :
 Un tube en pvc d'un diamètre de 20 cm, d'une longueur totale de 2 mètres aux trois
quarts enfoncé verticalement dans le sol. Il est percé sur toute sa longueur de fenêtres
en plexiglas au travers desquelles des spectres peuvent être acquis. Le spectromètre
est placé sur une plateforme que l'on déplace dans le tube le long d'un guide et d'une
tige ﬁletée aﬁn de le positionner précisément en face d'une des fenêtres pour acquérir
un spectre Mössbauer du sol situé juste derrière au contact.
 Le tube est surmonté d'un boîtier étanche qui contient la carte d'acquisition des
données à laquelle le spectromètre est relié. La programmation, le paramétrage et
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la récupération des données se font en connectant un ordinateur portable sur cette
carte électronique via un logiciel dédié.
 Les batteries sont placées dans un autre boîtier étanche placé au pied de ce dispositif.
Aﬁn d'acquérir un spectre de qualité suﬃsante, le spectromètre Mössbauer est positionné
à une profondeur donnée pendant 3 à 4 jours. Deux fois par semaine, il est déplacé aﬁn
d'acquérir un nouveau spectre à une autre profondeur d'intérêt, notamment dans la zone
de battement de la nappe.
Figure 5.2  Schéma du dispositif expérimental incluant le spectromètre Mössbauer et
la sonde multiparamétrique en fonction de la profondeur des horizons pédologiques. La
distance réelle entre les deux instruments est d'environ 1 mètre.
Figure 5.3  Sur la droite, le spectromètre Mössbauer miniaturisé est présenté sur son
chariot en haut du tube en pvc. Il peut être descendu dans le tube et reste relié à la carte
d'acquisition (à gauche) par un câble plat.
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Suivi de la géochimie des eaux
La sonde de mesure multiparamètrique se compose d'un cylindre en acier inoxydable
de 80 cm de longueur pour 10 cm de diamètre. Originellement dédiée aux campagnes
océanographiques, nous l'avons insérée dans un tube en pvc aﬁn de protéger les électrodes
et de créer une enceinte où sont réalisées les mesures et où sont faits les prélèvements de
la solution du sol. Les capteurs suivants sont installés sur la face inférieure :
 une électrode pH combinée, avec système de référence xerolyt R© de Ingold ;
 une électrode rédox en platine combinée avec un système de référence xerolyt R© de
Ingold et une électrode de référence Ag/AgCl ;
 une cellule de mesure de la conductivité électrique constituée de sept électrodes en
titane disposées symétriquement dans un cylindre creux en céramique ;
 un capteur polarographique de type Clark pour mesurer l'oxygène dissous ;
 un capteur de température formé d'une résistance en platine protégée dans un tube
perforé en acier inoxydable ;
 un transducteur de pression constitué par un produit piézorésistant alimenté par un
courant constant.
Un agitateur est placé au milieu de ces capteurs ; il se programme pour être déclenché
avant et pendant chaque série de mesure. Les fréquences d'acquisition et d'enregistrement
des données sont programmables à l'aide d'un logiciel dédié.
Un dispositif complémentaire situé sur le côté du tube en pvc de la sonde permet de
prélever les eaux libres précisément dans l'enceinte où sont eﬀectuées les mesures physico-
chimiques. Les analyses suivantes ont été réalisées :
 le fer Fe2+ et les sulfures totaux in situ avec un spectromètre uv-visible portable ;
 les anions et les cations majeurs au laboratoire, respectivement par chromatographie
ionique et icp-aes.
5.3 Résultats du suivi in situ de la minéralogie des rouilles
vertes dans les sols hydromorphes
5.3.1 Les rouilles vertes caractérisées in situ
En l'absence de références préalables, le premier résultat signiﬁcatif de ces travaux
a été l'identiﬁcation et la caractérisation des rouilles vertes naturelles directement sur le
terrain. La ﬁgure 5.4 présente l'un des premiers spectres Mössbauer acquis en trois jours à la
profondeur de 106 cm. Comme tout les spectres de rouilles vertes obtenus in situ à Fougères,
celui-ci se décompose en une combinaison de trois doublets, partiellement superposés et
nommés D1, D2 et D3. Les deux premiers correspondent à du Fe2+ tandis que le troisième
correspond à du Fe3+. Le pourcentage de chaque doublet calculé à partir de la courbe
enveloppe représentant 100 % du fer, est utilisé pour calculer le ratio x = Fe3+/Fetot..
Les paramètres hyperﬁns δ et ∆EQ de ces doublets sont caractéristiques de ces rouilles
vertes (Feder et al., 2005). En outre, une analyse de tout les spectres acquis aux diﬀérentes
profondeurs et au cours de toute notre étude montre une faible variabilité de ces paramètres
hyperﬁns. Cela conﬁrme la prédominance des rouilles vertes dans cet environnement et la
constance des paramètres hyperﬁns malgré une st÷chiométrie variable : x = Fe3+/Fetot.
varie de 1/3 à 2/3 (Feder et al., 2005 ; Trolard et al., 2007).
5.3.2 Évolution avec la profondeur
Le ratio x = Fe3+/Fetot. calculé à partir des doublets des spectres, présente des va-
leurs remarquables avec la profondeur d'acquisition. En eﬀet, les rouilles vertes identiﬁées
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Figure 5.4  Spectre Mössbauer acquis à 106 cm de profondeur le 26 décembre 1998.
couvrent toute la gamme possible de variation du ratio x. À la profondeur de 106 cm, les
valeurs minimales et maximales du ratio x sont respectivement de 0,347 et 0,375 (moyenne
de 0,361 pour les quatre spectres acquis entre décembre 1998 et avril 1999). Or, Feder et al.
(2005) et Trolard et al. (2007) ont démontré que pour les rouilles vertes la valeur minimale
de ce ratio x était de 1/3. Ainsi, non seulement nos calculs du ratio x sont donc conformes
aux limites théoriques mais en outre, nous sommes en présence des rouilles vertes les plus
réductrices à cette profondeur de 106 cm. Inversement, à la profondeur de 48 cm, les va-
leurs minimales et maximales du ratio x sont respectivement de 0,607 et 0,667 (moyenne
de 0,638 pour les trois spectres acquis entre novembre 1998 et mai 1999). Les rouilles vertes
observées correspondent donc ici au pôle le plus oxydant de la solution solide où le ratio x
prend la valeur maximale de 2/3 (ﬁgure 5.5).
Ces caractéristiques sont cohérentes avec les observations faites sur le terrain. Au cours de
l'hiver, la nappe est au plus haut et le sol est complètement et longuement engorgé à la
profondeur de 106 cm. Les rouilles vertes sont ainsi plus proches du pôle réductique (x =
1/3 ; ﬁgure 5.5). En revanche, dans l'horizon limoneux rédoxique (1550 cm de profondeur),
le niveau de la nappe ﬂuctue entre 30 et 50 cm de profondeur pendant le printemps créant
ainsi des alternances de périodes oxydantes et réductrices. Les rouilles vertes identiﬁées à
la profondeur de 48 cm sont ici proches de leur pôle le plus oxydé (x = 2/3). Entre ces
deux profondeurs et ces deux pôles extrêmes, les rouilles vertes présentent des ratios x qui
diminue avec la profondeur de manière monotone. À 78 cm de profondeur, le ratio x prend
la valeur moyenne de 0,6 puis entre 85 et 90 cm de profondeur, la valeur 0,5.
Le changement de valence du fer dans les minéraux n'est toutefois pas l'apanage des rouilles
vertes. De nombreux travaux ont montré :
 que le fer pouvait changer de degré d'oxydation dans les argiles notamment dans les
nontronites (Stucki & Tessier, 1991 ; Komadel et al., 1995 ; Heller-Kallai, 1997) ;
 que ces réactions pouvaient être réversibles (Stucki et al., 1984 ; Fanning et al., 1989 ;
Badaut et al., 1992 ; Drits & Manceau, 2000).
En conséquence, la densité et la répartition des charges des feuillets de ces minéraux sont
modiﬁées. Les propriétés thermodynamiques sont donc diﬀérentes et les équilibres avec la
solution du sol doivent être reconsidérés pour chaque espèce minérale.
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Figure 5.5  Pour diﬀérentes profondeurs, valeurs moyennes, minimales et maximales du
rapport x = Fe3+/Fetot. des rouilles vertes identiﬁées et correspondance avec les diﬀérentes
formulations d'oxy-hydroxydes mixtes de Fe2+ et de Fe3+.
5.4 Géochimie de la solution du sol et équilibres thermody-
namiques
Les concentrations des éléments majeurs de la solution du sol ont été utilisées aﬁn de
calculer les activités chimiques de chaque espèce en solution. En eﬀet, en solution aqueuse,
les espèces chimiques sont associées entre elles et forment des ions complexes. Il existent
plusieurs logiciels tels PhreeQc, Minteq ou Chess qui utilisent des algorithmes pour calculer
par itération une distribution des espèces chimiques présentes dans la solution pour les
diﬀérents ions, en tenant compte des constantes d'équilibre de chaque complexe et ce, en
fonction de la température. Quel que soit le logiciel utilisé, les variables à renseigner sont la
composition chimique de la solution et les conditions physico-chimique du milieu (pH, Eh,
température). Les principales diﬀérences entre ces logiciels sont dans la prise en compte
de l'interface entre les phases solides et aqueuses et dans la base de données utilisée. Nous
avons utilisé un logiciel plus ancien, mais aussi plus simple (Equil(T)), dont l'algorithme
de calcul a été développé par Helgeson (1968) parce que nous n'avions besoin que de la
spéciation en solution des diﬀérentes espèces chimiques.
5.4.1 Variation du pH et du potentiel d'oxydo-réduction
Notion de pecritique
Le pH et le potentiel d'oxydo-réduction sont, avec la température, les paramètres
physico-chimiques essentiels pour décrire et comprendre les réactions chimiques en solution.
Ainsi, les diagrammes de Pourbaix EhpH permettent une représentation des variations
de ces paramètres pour une activité des espèces chimiques donnée. Toutefois, les réactions
d'oxydoréduction dans les sols sont parfois hétérogènes, c'est-à-dire qu'elles se produisent
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Tableau 5.2  Équations et données thermodynamiques des réactions standard utilisées
dans la ﬁgure 5.6.
Réactions
pecritique
à pH=4 à pH=7 à pH=9
1/4 O2 (g) + H
+ + e− ⇀↽ 1/2 H2O(liq.) 16,6 13,6 11,6
1/8 NO−3 + 5/4 H
+ + e− ⇀↽ 1/8 NH+4 + 3/8 H2O 9,24 5,4 2,85
NO−3 + 2 H
+ + 2 e− ⇀↽ NO−2 + H2O 7,3 4,3 2,3
1/2 MnO2 + 2 H+ + e− ⇀↽ 1/2 Mn2+ + H2O 9,35 3,35 0,65
Fe3(OH)8 + 8/3 H+ + 2/3 e− ⇀↽ Fe2+ + 8/3 H2O 17,7 5,7 2,3
γ FeOOH + 3 H+ + e− ⇀↽ Fe2+ + 2 H2O 11,8 2,7 3,41
α FeOOH + 3 H+ + e− ⇀↽ Fe2+ + 2 H2O 10,0 1,0 5,0
1/8 SO2−4 + H
+ + e− ⇀↽ 1/8 S2− + 1/2 H2O 2,2 5,2 7,2
entre une phase solide et une phase aqueuse. Aussi, Sposito (1981) propose de se placer à
un pH de référence donné (pH = 7) et de calculer la valeur du potentiel d'oxydo-réduction
pour laquelle le rapport des activités des espèces réduites et oxydées est supérieur à un
seuil ﬁxé conventionnellement. C'est la notion de pecritique où le pe est le logarithme du
potentiel d'oxydo-réduction à l'image du pH.
Dans les réactions hétérogènes, les activités des phases solides sont prises égales à 1 et
le pecritique est déﬁni comme la valeur à partir de laquelle l'activité de l'espèce aqueuse
est supérieure à 10−7. Pour les réactions homogènes, c'est-à-dire lorsque les phases sont
identiques, la valeur seuil du rapport des activités espèce réduite/espèce oxydée est 106.
Représentation dans un diagramme de Pourbaix
Le tableau 5.2 présente les réactions d'équilibre que nous avons considérées. Ces réac-
tions d'oxydo-réduction sont les plus courantes dans les sols qui présentent des signes d'hy-
dromorphie puisque dans les sols bien aérés les conditions restent oxydantes. Les pecritique
sont calculés pour diﬀérents pH étant entendu que le pH = 7 est la référence pour comparer
ces réactions. Les mesures réalisées in situ sont présentées sur la ﬁgure 5.6 avec les droites
d'équilibre des diﬀérentes réactions excepté pour le couple O2 (g)/H2O(liq.) situé hors du
graphique. Par exemple, la droite correspondant au couple Fe3(OH)8/Fe2+ représente le
seuil à partir duquel l'activité du fer dissous Fe2+ est supérieure à 10−7. C'est donc la
limite à partir de laquelle les rouilles vertes commencent à se dissoudre ou ﬁnissent de
précipiter. La droite de l'équilibre SO2−4 /S
2− représente le seuil à partir duquel le rapport
des activités (S2−)/(SO2−4 ) est supérieur à 10
6. C'est donc la limite à partir de laquelle la
réduction des sulfates est quasiment totale ou à partir de laquelle les sulfates commencent
à apparaître.
La ﬁgure 5.6 se décompose en trois domaines distincts délimités par des lignes en pointillé
et numérotés en chiﬀres romains, respectivement I, II et III et qui correspondent à ceux
déﬁnis par Sposito (1981) à pH = 7 :
 le premier appartient aux sols modérément réduits où le pe présente des valeurs
supérieures à 2 (soit pe + pH > 9) ;
 le second domaine correspond aux sols réduits avec 2 < pe < 2, c'est-à-dire lorsque
5 < pe + pH < 9 ;
 le troisième domaine est déﬁni par pe < 2 (i.e. pe + pH <5) ; le sol est considéré
comme très réduit.
La position des couples de valeurs EhpH mesurés in situ sont essentiellement dans le
champ III, le domaine le plus réducteur. Quelques couples de mesures sont dans le champ
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Figure 5.6  Mesures des potentiels d'oxydo-réduction et du pH des eaux de la solution du
sol au cours du temps ; les droites correspondent aux réactions d'équilibre pour les valeurs
de pecritique reportées dans le tableau 5.2.
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Tableau 5.3  Équations de réactions de la g÷thite, de l'hydroxyde ferreux ainsi que de
trois rouilles vertes, avec des rapports x = 1/3, 1/2 et 2/3.
Fe2(OH)5 + 5 H+ + e− ⇀↽ 2 Fe2+ + 5 H2O pFe2+ + 1/2 pe + 5/2 pH = 12,7
Fe3(OH)7 + 7 H+ + e− ⇀↽ 3 Fe2+ + 7 H2O pFe2+ + 1/3 pe + 7/3 pH = 9,4
Fe3(OH)8 + 8 H+ + 2 e− ⇀↽ 3 Fe2+ + 8 H2O pFe2+ + 2/3 pe + 8/3 pH = 15,26
γ FeOOH + 3 H+ + e− ⇀↽ Fe2+ + 2 H2O pFe2+ + 3 pH + pe = 16,65
α FeOOH + 3 H+ + e− ⇀↽ Fe2+ + 2 H2O pFe2+ + 3 pH + pe = 14,97
Fe(OH)2 + 2 H+ ⇀↽ Fe2+ + 2 H2O pFe2+ + 2 pH = 13,32
II et un groupe se situe dans le premier champ, le domaine le plus oxydant. Plusieurs séries
de points montrent des évolutions continues et rapides du potentiel d'oxydo-réduction, le
pH restant constant. Ces basculements rapides entre les domaines très réducteur et oxy-
dant s'observent lorsque la nappe est au plus bas (autour de 60 cm de profondeur pendant
l'été 1999). En eﬀet, pendant cette période, le sommet de la nappe est donc plus proche de
notre profondeur de mesure (70 cm de profondeur) et les conditions sont plus oxydantes
du fait de la proximité avec l'oxygène de l'air.
La droite d'équilibre du couple SO2−4 /S
2− correspond à la limite inférieure des couples
de mesure EhpH. À l'inverse, le couple Fe3(OH)8/Fe2+ dessine la limite supérieure dans
le domaine oxydant. Ces deux couples d'oxydo-réduction semblent ainsi contrôler, tam-
ponner les évolutions du pH et du potentiel d'oxydo-réduction. En revanche, les autres
droites d'équilibre sont traversées rapidement et les espèces chimiques correspondantes ne
semblent pas jouer un rôle sur la géochimie de la solution du sol. Dans la partie suivante,
nous allons donc rechercher quelles sont les phases ferrifères qui sont à l'équilibre, au sens
thermodynamique, avec la solution du sol.
5.4.2 Équilibres thermodynamiques entre la solution du sol et les phases
ferrifères
Pour calculer les équilibres entre les phases minérales et la solution du sol, nous avons
utilisé les réactions d'équilibre et les produits d'activités ioniques de diﬀérentes phases
ferrifères, dont les rouilles vertes avec trois valeurs du ratio x, 1/3, 1/2 et 2/3 (tableau
5.3). La diﬀérence log Q  log K, où Q est le produit ionique et K, la constante d'équilibre,
évalue ces états d'équilibre (ﬁgure 5.7) :
 lorsque log Q > log K, la solution est sur-saturée par rapport au minéral ;
 lorsque log Q = log K, la réaction est à l'équilibre ;
 lorsque log Q < log K, la solution est sous-saturée.
La ﬁgure 5.7 peut être découpée selon trois saisons similaires à celles mises en évidence
précédemment. De février à mi-juillet 1999, la forme réduite des rouilles vertes Fe3(OH)7
(i.e. x = 1/3) est la forme minéralogique la plus stable et ce, durant toute la période
d'étude puisque la solution du sol est sur-saturée par rapport à ce minéral. De plus, la
forme Fe2(OH)5, où x = 1/2, ainsi que la g÷thite α FeOOH sont deux espèces quasiment
à l'équilibre. De mi-juillet 1999 à mi-octobre 1999, le niveau piézométrique de la nappe est
au plus bas. Le pH est au plus bas, les potentiels d'oxydo-réduction mesurés sont élevés,
les concentrations en fer Fe2+ sont très faibles et les solutions sont toutes sous-saturées
par rapport aux minéraux, sauf la forme réduite des rouilles vertes Fe3(OH)7. Enﬁn, de
mi-octobre 1999 à juin 2000, en même temps que le niveau de la nappe remonte, le pH
augmente, le potentiel d'oxydo-réduction diminue (autour de 250 mV contre 200 mV
lors de la première saison). Les solutions du sol sont sur-saturées par rapport aux phases
Fe3(OH)7 principalement, Fe2(OH)5 et α FeOOH secondairement.
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Figure 5.7  Diﬀérence entre les logarithmes des produits ioniques Q et des constantes de
stabilité K de plusieurs espèces ferrifères au cours de la période d'étude.
Ainsi, à la profondeur étudiée de 70 cm, les variations saisonnières du niveau de la nappe
engendrent des modiﬁcations des conditions physico-chimiques (pH, potentiel d'oxydo-
réduction, teneur en oxygène dissous) de la solution du sol. Celles-ci sont associées à des
variations de la concentration en fer Fe2+ et modiﬁent donc les équilibres thermodyna-
miques entre les phases ferrifères et la solution du sol. La forme réduite des rouilles vertes
Fe3(OH)7 est toujours sur-saturée et peut précipiter.
5.5 Synthèse et conclusion
L'objectif général de ma thèse était de comprendre la dynamique des processus d'oxydo-
réduction in situ dans un sol hydromorphe ainsi que les équilibres thermodynamiques entre
les phases minérales et la solution du sol. En premier lieu, nous avons montré, par spectro-
métrie Mössbauer, que les rouilles vertes caractérisées in situ présentent des compositions
chimiques variables. Leurs ratios x = Fe3+/Fe tot. diminuent avec la profondeur passant de
2/3 à 48 cm de profondeur à 1/3 à 106 cm de profondeur. Ces résultats sont cohérents avec
les observations ponctuelles du sol puisque les caractères rédoxiques sont présents dès 15
cm de profondeur et les caractères réductiques à partir de 50 cm de profondeur.
Nous avons ensuite démontré que le fonctionnement hydrologique du site gouvernait les
variations de la géochimie de la solution du sol selon un rythme saisonnier. Ainsi, en au-
tomne, en hiver et au printemps, lorsque le niveau piézométrique de la nappe est au plus
haut, les mesures réalisées à 70 cm de profondeur montrent une faible teneur en oxygène
dissous et un potentiel d'oxydo-réduction au plus bas ; les rouilles vertes les plus réductrices
Fe3(OH)7 précipitent. En revanche, durant la période estivale, lorsque le niveau de la nappe
diminue, la forme Fe3(OH)7 est à l'équilibre et les formes plus oxydées telle Fe2(OH)5 ne
sont plus stables (sous-saturation). Ces résultats démontrent que la composition st÷chio-
métrique des rouilles vertes est étroitement corrélée à la géochimie de la solution du sol
expliquant ainsi, en fonction des paramètres physico-chimique et de la teneur en fer Fe2+,
leurs variabilités tant avec la profondeur qu'au cours du temps.
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Le dispositif que nous avons mis en place s'est avéré correctement adapté pour répondre
à nos objectifs ; nous n'avions alors pas de recul puisque c'était sa première utilisation dans
ces conditions. Toutefois, l'acquisition de la géochimie de la solution du sol à diﬀérentes
profondeurs (au lieu d'une seule) aurait permis :
 une meilleure compréhension des processus d'oxydo-réduction au cours du temps ;
 une plus grande précision dans les calculs des équilibres thermodynamiques et ainsi
une meilleure cohérence spatiale avec les caractéristiques des phases minérales par
spectrométrie Mössbauer.
En revanche, il aurait été impossible techniquement d'acquérir plus de spectres Mössbauer
puisque l'instrument doit rester positionné plusieurs jours aﬁn d'obtenir un spectre de qua-
lité.
Ainsi, les sols hydromorphes sont le théâtre de processus d'oxydo-réduction complexes
où la dynamique saisonnière du niveau de la nappe, et donc la profondeur d'engorgement
des sols, joue un rôle majeur. Lorsque le potentiel d'oxydo-réduction varie de +550 à
−300 mV et le pH de 5 à 8, plusieurs couples sont impliqués et diﬀérentes phases minérales
de la famille des rouilles vertes sont à l'équilibre ou peuvent précipiter. Ces changements
géochimiques et minéralogiques rapides sont exceptionnels dans les sols si l'on excepte les
réactions chimiques avec les sels. Cette instrumentation in situ était donc indispensable
pour les suivre. Les rouilles vertes sont ainsi les principales phases minérales ferrifères dans
les sols hydromorphes, elles précipitent, s'oxydent ou se dissolvent très rapidement selon les
propriétés du milieu et contrôlent ainsi la dynamique du fer en solution. La connaissance
de ces processus peut favoriser une meilleure prise en compte et une meilleure gestion des
zones humides par une déﬁnition plus précise de leur extension et de leur zone d'inﬂuence,
deux caractéristiques variables au cours des saisons et du fonctionnement hydrologique des
sites.

CHAPITRE 6
LE TRANSFERT DE CONTAMINANTS DANS LES SOLS DE LA
RÉUNION À DIFFÉRENTES ÉCHELLES
Ce chapitre présente une synthèse de mes recherches menées après mes travaux de thèse
sur la dynamique des processus d'oxydo-réduction dans les sols hydromorphes. Si la miné-
ralisation de la matière organique est réduite dans ces sols, elle est toutefois à l'origine de
nombreux processus géochimiques qui peuvent être exacerbés selon la nature et les quanti-
tés de matières organiques mises en jeu. Les apports anthropiques de matières organiques
exogènes, notamment lors du recyclage agricole des déchets, correspondent à de telles si-
tuations puisque les quantités apportées sont importantes et leurs caractéristiques très
variables. De plus, dans ce contexte, les matières organiques peuvent apporter des conta-
minants susceptibles de migrer entre les diﬀérents compartiments des agro-écosystèmes.
Aussi, j'ai poursuivi mes recherches sur l'interaction entre la solution du sol, le vecteur
principal des contaminants, et les phases minéralogiques dans le contexte du recyclage
agricole des matières organiques sur les sols volcaniques et tropicaux de la Réunion.
La première section de ce chapitre aura pour objectifs (i) d'établir un état des lieux du recy-
clage des matières organiques à la Réunion, (ii) de présenter les principales caractéristiques
géologiques et pédologiques de la Réunion et (iii) de fournir les éléments de compréhension
essentiels de la modélisation du transport et de l'adsorption que nous avons appliqué à
l'étude de deux types de contaminants, les nitrates et les éléments traces métalliques. La
deuxième section traitera des transferts de nitrates de l'échelle de la colonne de sol au
territoire. La troisième section abordera la contamination des sols par les éléments traces
métalliques (etm) à travers l'expérimentation et la modélisation à l'échelle de la colonne
et de la parcelle.
6.1 Contexte et problématique
6.1.1 Le recyclage des produits résiduaires organiques en agriculture et
à la Réunion
Les produits résiduaires organiques (pro) proviennent essentiellement des activités
agricoles, urbaines et industrielles. Après l'essor des engrais chimiques au XXe siècle, le
recourt aux pro en agriculture se renforce en même temps que leurs nombreux eﬀets
bénéﬁques sont redécouverts :
 ils sont une source notable d'éléments fertilisants et peuvent totalement ou partiel-
lement se substituer aux engrais minéraux ;
 l'apport de pro aux sols concourt à améliorer leur fertilité tant physique (Abiven
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et al., 2009) que chimique à long terme (Diacono & Montemurro, 2010) ;
 les pro favorisent l'activité microbiologique des sols (Ros et al., 2006) ;
 le recyclage des pro en agriculture présente un faible coût par comparaison avec
d'autres ﬁlières de traitement (Veronica et al., 2013).
Par ailleurs, avant leur recyclage en agriculture, les pro peuvent être mélangés entre eux
(par exemple aﬁn d'équilibrer leur composition ou d'améliorer leur structuration physique
ﬁnale), transformés (par compostage, etc.) ou être utilisés pour produire de l'énergie (par
exemple du méthane) sans réduire certains eﬀets bénéﬁques pour les sols cultivés. Malgré
ces avantages indéniables, les pro souﬀrent toujours d'une image négative véhiculée par leur
nature de déchets qui leur reste attachée mais également par la présence de contaminants
de diﬀérentes natures.
Comme tout système complexe multifactoriel, le choix d'usage d'un pro se raisonne en
confrontant les avantages et les risques tout en respectant les contraintes réglementaires.
Pour les pro, en regard de leurs bénéﬁces, les principaux risques résultent de leur teneur
en contaminants de diﬀérentes natures :
 les éléments traces métalliques (etm) possède parfois cette ambivalence d'être des
oligo-éléments nécessaires aux systèmes vivants et des éléments potentiellement toxiques
même à de faibles concentrations. Les éléments les plus fréquemment suivis, notam-
ment dans le cadre législatif 1, sont le cuivre, le zinc, le nickel, le chrome, le cadmium,
le plomb et le mercure ;
 les contaminants traces organiques (cto) dont les plus étudiés (également pour des
raisons réglementaires) sont les pcb (polychlorobiphényles), les hap (hydrocarbures
aromatiques polycycliques), les dioxines et les furanes. Hormis pour les pcb qui sont
des molécules synthétisées industriellement, ces cto résultent d'une combustion sou-
vent incomplète puis sont émis dans l'atmosphère et redistribués dans les écosystèmes.
Selon les molécules considérées de ces familles très nombreuses 2, les eﬀets biologiques
négatifs avérés ou suspectés sont variables : perturbateurs endocriniens, cancérigènes,
mutagènes, etc. ;
 les contaminants biologiques regroupent principalement les organismes pathogènes
(virus, bactéries, etc.) et l'antibiorésistance. Qu'ils soient d'origine humaine ou ani-
male, les pathogènes proviennent des excrétions et induisent essentiellement des ma-
ladies digestives. Les antibiotiques résiduels présents dans les pro contribuent à sélec-
tionner et diﬀuser des bactéries résistantes ; le transfert de gènes résistants à d'autres
bactéries ampliﬁe ce problème.
Dans le contexte insulaire de la Réunion, le fort développement agricole et urbain des
dernières décennies associé à un environnement physique contraignant (climat tropical,
faible superﬁcie, relief montagneux, espaces remarquables et protégés, etc.), génère de
multiples diﬃcultés pour le développement de la valorisation de ces pro en agriculture. La
méconnaissance des impacts de leur recyclage sur les écosystèmes a justiﬁé de nombreux
travaux de recherche au sein de l'équipe du Cirad de l'unité  recyclage et risque . Si les
sources et les puits de matières organiques apparaissent aussi diversiﬁées (ﬁgure 6.1) que les
règles de décision des agriculteurs (Aubry et al., 2006), une voire deux ﬁlières principales
de valorisation monopolise les plus grands volumes pour un gisement donné.
1. Arrêté du 8 janvier 1998 ﬁxant les prescriptions techniques applicables aux épandages de boues sur
les sols agricoles pris en application du décret no 97-1133 du 8 décembre 1997 relatif à l'épandage des boues
issues du traitement des eaux usées.
2. Les pcb forment, par exemple, une famille de 209 composés aromatiques organochlorés dérivés du
biphényle.
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Figure 6.1  Représentation des gisements de matières organiques selon leur origine et de
leurs principales ﬁlières de valorisation à la Réunion.
6.1.2 La géologie et les informations pédologiques existantes à la Réunion
L'île de la Réunion est un stratovolcan intraplaque issu d'un point chaud et dont les
laves sont essentiellement de composition basaltique. Elle est constituée des massifs du
piton des Neiges et du piton de la Fournaise qui culminent respectivement à 3 069 et 2 631
mètres d'altitude. L'érosion particulièrement intense a entaillé l'île de profondes vallées et
créé trois cirques volcaniques d'eﬀondrement. Son sous-sol est hétérogène puisque les alter-
nances de niveaux rocheux compacts et de bancs scoriacés sont entrecoupés de structures
majeures (fractures, failles, sills et dykes 3).
Dans cette zone non-saturée, la vitesse d'inﬁltration des eaux dépend essentiellement de
la nature et de l'état des roches volcaniques. La recharge de la nappe phréatique de base
provient principalement de ces ﬂux souterrains depuis les reliefs puis des eaux d'inﬁltra-
tions dans les alluvions et les cônes détritiques. Si les nappes perchées sont logiquement
plus sensibles aux pollutions de surface d'origine anthropiques, depuis les années 2000, les
nappes de base, éloignées donc des sources de contaminations, ont montré également des
augmentations signiﬁcatives de leurs concentrations en nitrates et en divers pesticides.
La couverture pédologique de l'île de la Réunion a été étudiée à diverses échelles et par
diﬀérents auteurs depuis 1960 ; les travaux les plus signiﬁcatifs sont :
 la carte de Riquier au 1:100 000 et sa notice (Riquier, 1960) ;
 la climatoséquence de Zebrowski (1975) ;
 les cartes de Raunet (1988 ; 1989 ; 1991b) et son ouvrage de synthèse (Raunet, 1991a).
Ces trois auteurs reconnaissent que les sols sont distribués selon une séquence altitudinale
de grands types génétiques. En fait, cette séquence est aussi climatique puisque l'aug-
mentation de l'altitude et de la pluviosité annuelle sont concomitantes avec la baisse des
3. Un dyke est un ﬁlon volcanique vertical traversant un encaissant en ayant proﬁté d'une fracturation ;
un sill est plutôt horizontal et ne recoupe pas de couche.
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températures moyennes et de l'ensoleillement. Sur la zone ouest de l'île, les conditions cli-
matiques moyennes extrêmes du littoral, 24oC et 500 mm/an, contrastent ainsi fortement
avec celles des sommets, 10oC et 1700 mm/an. Riquier, Zebrowski et Raunet considèrent
les termes les plus évolués de la couverture pédologique, c'est-à-dire pratiquement tous les
sols pour Riquier (1960) et ceux situés vers le bas de la séquence pour les deux autres,
comme des sols ferrallitiques au sens que l'on donnait à ce terme dans les années 1960 et
qui sera repris dans leur déﬁnition par l'ancienne classiﬁcation française (Aubert & Séga-
len (1966) ; cpcs (1967)). L'analyse préalable de l'ensemble des informations pédologiques
disponibles nous montre que l'amélioration de la connaissance de la couverture pédolo-
gique de l'île de la Réunion a été fortement conditionnée par les progrès de l'exploration
géologique de l'île, notamment par les datations des phases du volcanisme, ainsi que par
l'évolution propre à la science des sols, à ses méthodes d'analyses et à ses concepts. Les sols
ont été d'abord considérés comme résultant d'un seul type de pédogenèse, la ferrallitisation
(Riquier, 1960). Dans un second temps, l'andosolisation a été identifé dans la partie haute
des versants du massif du piton des Neiges et pour tous les sols les plus récents sur la
massif du piton de la Fournaise. Avec Raunet (1988 ; 1989), l'extension des sols ferralli-
tiques a été réduite à son minimum car il ne s'est pas appuyé sur les valeurs du rapport
Ki 4. Par ailleurs, il a certainement identiﬁé une incompatibilité de plus en plus ﬂagrante
entre l'âge des roches d'une part, et la possibilité que la ferrallitisation en ait aﬀecté une
épaisseur importante au cours de la pédogénèse, d'autre part. Dans l'ouest, le haut du ver-
sant est marqué, jusqu'à 900 mètres d'altitude par l'andosolisation. La podzolisation s'y
superpose sous forêt entre 1600 et 1800 mètres d'altitude. Elle est certainement facilitée
par l'existence d'une couche de phytolithes issus d'une végétation non actuelle de bambous
(Nastus borbonicus) comme l'a montré Alarcon (1995). Cependant, elle correspond bien au
développement de véritables horizons spodiques sous l'eﬀet de la migration de composés
organiques comme l'indiquait déjà Zebrowski (1975). La limite basse de l'andosolisation
(900 mètres d'altitude) que proposait Zebrowski (1975) est nettement plus haute que celle
proposée par Raunet (1991b) : en moyenne 700 mètres d'altitude. Le reste du versant est
marqué par des teneurs en matière organique toujours fortes, mais qui vont en décroissant
vers le littoral. C'est la saturation du complexe absorbant qui permet de distinguer une
zone moyenne, où les Umbrisols dominent, d'une zone basse, domaine des Phaeozems et
d'autres sols associés et minoritaires.
Si l'organisation des sols sur le ﬂanc ouest du piton des Neiges en fonction de l'altitude
est très didactique, les autres zones de l'île sont souvent plus complexes et la superposition
d'une pédogenèse tropicale sur des roches mères volcaniques d'âges variables 5 génère des
sols très diﬀérents et aux propriétés atypiques et complexes.
6.1.3 La modélisation des ﬂux d'eau et de solutés dans les sols
Le formalisme mécaniste de représentation des ﬂux d'eau dans les milieux poreux tels
que les sols est couramment utilisé et transposé dans de nombreux logiciels. Il nécessite la
connaissance de peu de paramètres hydrodynamiques des sols (par exemple la conductivité
hydraulique), mais surtout de la mesure précise de la pression matricielle, de la teneur en
eau et des ﬂux d'eau en entrée ou en sortie du système considéré. Armé de ces informations,
les outils de modélisation mécaniste reproduisent avec précision les ﬂux hydrodynamiques
ou sont susceptibles de simuler des mesures manquantes. Aux échelles de la colonne de sol et
de la parcelle, j'ai utilisé ces modèles mécanistes avec deux objectifs principaux qui étaient
(i) de valider les mesures des ﬂux d'eau dans les sols et (ii) de simuler des évènements non
4. Le rapport Ki correspond au rapport silice / alumine sur les résultats de l'analyse triacide couramment
pratiquée alors.
5. En eﬀet, les roches les plus anciennes, actuellement datées à 2,1 millions d'années, côtoient quasiment
les éruptions actuelles.
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mesurés (ﬂux hydriques sur une longue période de temps, etc.). Les équations générales
qui régissent les ﬂux d'eau et par extension les ﬂux de solutés sont rappelées ici.
La conservation de la masse d'eau dans un sol non saturé est représentée par l'équation
suivante :
δθ
δt
= −δq
δz
où θ est la teneur en eau volumique (L3.L−3), t, le temps (T), q le ﬂux d'eau (L.T−1) et
z, la profondeur (L) orientée positivement vers le bas. La variation au cours du temps de
l'humidité égale donc la variation du ﬂux d'eau en fonction de la profondeur.
Or, la loi de Darcy exprime le ﬂux d'eau q ainsi :
q = −K(θ)dH
dz
où K est la conductivité hydraulique (L.T−1), fonction de θ et H, la charge hydraulique
(L) déﬁnie par H = h− z où h est la pression matricielle de l'eau dans le sol (L).
En couplant ces deux premières équations, les transferts d'eau dans les sols en condition
non saturé peuvent ainsi être décrits et modélisés par l'équation de Richards modiﬁée pour
prendre en compte également les prélèvements d'eau par la plante :
δθ
δh
δh
δt
=
δ
δz
[
K(θ)
(
δh(θ)
δz
− 1
)]
− S(z,t)
où S est un terme  puit  correspondant aux prélèvements d'eau par la plante (T−1),
fonction de la profondeur d'enracinement et du temps.
De la même façon que pour la masse d'eau, nous pouvons déﬁnir l'équation de la conser-
vation de la masse d'un élément chimique M au cours du temps et selon la profondeur.
δM
δt
= −δqM
δz
oùM = θC + ρdKdC et qM = qC − θD
δC
δz
avec C, la concentration de l'élément dans la solution du sol, ρd, la masse volumique du sol
(M.L−3), Kd, le coeﬃcient de distribution de l'élément entre les phases aqueuses et solide
(L3.M−1) et D, le coeﬃcient de dispersion dans le sol (L2.T−1).
Ainsi, nous obtenons l'équation de transfert des solutés suivante :
δ
δt
(θC + ρdKdC) =
δ
δz
(
θD
δC
δz
)
− δ
δz
(qC) +
n∑
i=1
ϕi
où ϕi est un terme  puit  incluant les prélèvements par la plante et les autres transfor-
mations (M.L−3.T−1).
Le facteur retard R (ﬁgure 6.2) de l'élément chimique est ainsi déﬁni :
R = 1 +
ρdKd
θ
Dans le cas particulier où l'élément chimique considéré n'interagit pas avec la phase solide,
Kd vaut 0 et le facteur retard R vaut donc 1 signiﬁant qu'il n'y a pas de retard.
Dans le cas général, l'équation du transfert de solutés s'écrit également :
δ
δt
(RθC) =
δ
δz
(
θD
δC
δz
)
− δ
δz
(qC) +
n∑
i=1
ϕi
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Figure 6.2  Représentation d'un pulse d'injection d'un élément à la concentration C0 en
haut d'une colonne et de sa courbe d'élution à l'exutoire à la concentration maximale C.
Les aires restent constantes et il n'y a pas d'adsorption lorsque le facteur retard R = 1. La
dispersion au sein du sol induit un élargissement de la base de la courbe d'élution.
Ainsi, pour un élément en solution réactif avec la phase solide, dans un système sans plante
et sans prendre en compte d'autres transformations, lorsque le régime hydrodynamique est
permanent, R, θ, q et D sont constants et l'équation se simpliﬁe :
R
δC
δt
= D
δ2C
δz2
− v δC
δt
où v est une vitesse apparente moyenne de pore (L.T−1).
6.1.4 Les transferts et l'adsorption des contaminants
Le cas des nitrates à la Réunion
Les nitrates correspondent à la principale forme d'azote assimilable par les végétaux. Ils
proviennent de la nitriﬁcation de l'ammonium issu de la minéralisation de divers composés
organiques (matière organique du sol, résidus de cultures, pro apportés, etc.) ou d'apports
directs (engrais, eaux d'irrigation, etc.). Très solubles dans l'eau, les nitrates sont habi-
tuellement peu retenus dans la plupart des sols parce que de nature anionique. Toutefois,
les sols volcaniques possèdent des charges de surface positives, variables avec le pH et la
force ionique de la solution du sol du fait de la présence de complexes organo-minéraux et
de certains minéraux mal cristallisés tels la ferrihydrite ou l'allophane et l'imogolite spéci-
ﬁques aux andosols. En raison de la présence importante d'oxydes de fer et d'aluminium,
les sols tropicaux présentent également des charges de surfaces positives, permanentes pour
certaines mais aussi variables avec le pH et la force ionique pour d'autres. Ainsi les sols de
la Réunion oﬀrent une capacité d'échange anionique et sont donc susceptibles d'adsorber
signiﬁcativement les anions.
Selon l'agence régionale de santé océan Indien, le pourcentage des captages présentant des
teneurs en nitrates supérieures à 10 mg.l−1 est passé de 12 à 42 % de 1994 à 2008 ; les
aquifères de la côte ouest jusqu'à Saint-Pierre sont les plus impactés. Ces pollutions sont
d'origine urbaines (assainissement non collectif) et agricoles (Payet et al., 2010).
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Le cas des éléments traces métalliques
Bien que leurs concentrations soient très faibles, les éléments trace métallique (etm)
sont ubiquistes dans les roches. Pour les règnes animal et végétal, ils présentent parfois
cette ambivalence d'être des oligo-éléments et des éléments toxiques. Dans les sols, les
etm sont principalement hérités de la roche mère ou d'origine anthropique : apportés par
les engrais et les pro, l'eau d'irrigation, la redéposition atmosphérique d'origine naturelle
(volcanisme, feux de forêt) ou anthropique, etc.
Les principaux travaux menés à la Réunion par E. Doelsch ont porté sur l'identiﬁcation des
origines des etm dans les sols et les pro, leur spéciation en phase solide (Doelsch, 2010).
J'ai apporté une contribution complémentaire à cette approche en étudiant leur transfert en
conditions hydrodynamiques contrôlées de laboratoire ou en conditions réelles au champ.
En eﬀet, il était essentiel de comprendre les déterminants des transferts de cuivre et zinc
dans les sols de la Réunion ( 6.3, page 75). Ces deux éléments chimiques présentent en
eﬀet la particularité d'être ajouté à l'alimentation des porcs puis d'être excrétés.
6.1.5 À travers les échelles étudiées, une approche multidisciplinaire
Au laboratoire, en colonnes de sol, il est aisé de maintenir des conditions contrôlées. Les
variables hydrodynamiques peuvent être précisément mesurées à diﬀérentes profondeurs :
les volumes d'eau apportés et recueillis, l'humidité et les pressions matricielles au sein
des colonnes. La reconstitution dans les colonnes des sols remaniés garantit une excellente
homogénéité mais nécessite de vériﬁer que leur fonctionnement hydrodynamique reproduit
bien les conditions de terrain. En outre, l'installation de préleveurs sans tension de la
solution du sol permet de suivre sa composition chimique. Enﬁn, une température constante
et l'absence de plante réduisent les perturbations au cours de l'expérimentation. Au-delà du
contrôle de ces paramètres, mes objectifs de recherche étaient de comprendre les processus
qui gouvernent l'impact des pro suite à leur apport sur un sol cultivé en terme de transfert
des contaminants lors de ﬂux hydriques imposés. Inversement, à la parcelle en conditions
réelles, l'hétérogénéité du sol, la présence d'une culture, les pluviométries variables, etc.
sont prises en compte. Les processus sont certes plus diﬃciles à dissocier et à étudier mais a
contrario leurs interactions sont observées. La culture induit des modiﬁcations importantes
dans la dynamique des pro et des contaminants associés de part ses prélèvements d'eau
et de nutriments.
L'échelle du territoire est progressivement apparue cruciale pour répondre aux enjeux liés
aux risques de pollutions. En eﬀet, à la Réunion et notamment sur le territoire de la
côte ouest, l'intrication de l'habitat (avec son assainissement non collectif) dans les zones
agricoles associé à un contexte hydrogéologique complexe ne permettant pas de découper
l'espace en petits bassins versants et limite l'identiﬁcation avec certitude des sources des
pollutions. Aussi, mon approche a consisté à étudier spéciﬁquement la vulnérabilité des sols
aux transferts des contaminants vers les aquifères. En eﬀet, les travaux menés aux échelles
des colonnes de sol et de la parcelle avait préalablement montré que le sol jouait toujours
un rôle prépondérant dans les transferts des contaminants et notamment des nitrates. De
plus, quelles que soient les vitesses de transfert d'un contaminant, lorsqu'il est conservatif,
une fois la zone racinaire dépassée, celui-ci ne pourra que continuer à progresser pour
contaminer les aquifères du sous-sol.
La suite de ce chapitre de présentation des résultats suivra les objectifs scientiﬁques que
j'ai poursuivi :
 quels sont les déterminants du transfert des nitrates dans les sols et vers les aquifères
de l'échelle de la colonnes de sol à celle du territoire?
 quelles sont les modalités de contaminations des sols par les etm aux échelles de la
colonnes de sol et de la parcelle ainsi que sur de longues durées?
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Figure 6.3  Représentation schématique des concepts de vulnérabilité, d'aléa et de risque
de transfert d'un polluant vers les aquifères.
6.2 Les transferts de nitrates de l'échelle des colonnes de sol
au territoire
La problématique de la pollution par les nitrates est complexe notamment du fait des
diﬀérentes échelles auxquelles les études doivent être menées. En eﬀet, ce sont en premier
lieu les processus microbiologiques dans le sol qui interviennent dans le cycle de transfor-
mation de l'azote et donc de la production, voire de la disparition, des nitrates. À l'échelle
de la parcelle, les processus prépondérants sont les prélèvements par les cultures, les pertes
par volatilisation ou par lixiviation. Enﬁn, à l'échelle territoriale ou du bassin versant, au
delà des aspects de gestion des intrants, les transferts dans le sous-sol aboutissent à l'iden-
tiﬁcation des pollutions en nitrates dans les cours d'eau ou les aquifères.
Les résultats présentés dans cette section ont fait l'objet de cinq publications dans des
revues à comité de lecture et à facteur d'impact (Feder & Findeling (2007), Payet et al.
(2009), Alary et al. (2013), Feder (2013), Feder et al. (2015)), neuf communications orales
et cinq communications poster dans des congrès internationaux.
6.2.1 Compétition entre les nitrates et les chlorures pour l'adsorption
et la lixiviation dans deux types de sols de la Réunion
Expérimentation en colonnes de sol remanié avec un nitisol
Le nitisol a été prélevé sur la station du Cirad de La Mare. Dans trois larges colonnes de
37,5 cm de diamètre, nous avons reconstitué les deux horizons de sol (045 et 4585 cm) en
respectant les densités apparentes mesurées in situ. Deux apports de lisier de porc ont été
réalisés sur les colonnes C1 et C2, la troisième colonne C3 servant de témoin ; les apports
d'eau ont été réalisés régulièrement aﬁn de reproduire le régime hydrique annuel de cette
zone. À 17, 30, 55 et 80 cm de profondeur, chaque colonne a été équipé de tensiomètres
pour mesurer le potentiel matriciel de l'eau dans le sol et de sondes TDR 6 pour mesurer
l'humidité volumétrique. Aux mêmes profondeurs, la solution du sol est échantillonnée par
des préleveurs sans tension. À l'exutoire, le ﬂux d'eau est également mesuré et prélevé.
6. Time Domain Reﬂectometry : réﬂectomètrie dans le domaine temporel.
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Les mesures ont été enregistrées toutes les 10 secondes. Les mesures des ﬂux entrants et
sortants sont confrontées aux calculs des ﬂux d'eau aux diﬀérentes profondeurs au sein de
la colonne réalisés avec l'équation de Richards et les mesures d'humidité et de potentiel
hydrique. Compte-tenu des propriétés très proches des ions nitrates et chlorures et de leurs
présences dans le lisier apporté, nous avons systématiquement suivi leurs concentrations
en solution aux diﬀérentes profondeurs.
Les trois colonnes présentent une dynamique de l'eau similaire attestée par des écarts sur
les mesures d'humidité volumique inférieurs à 0,03 m3.m−3. Toutefois, avec la profondeur,
les facteurs retard augmentent pour les chlorures et diminuent pour les nitrates (ﬁgure
6.4). À 17 cm de profondeur, le facteur retard des chlorures est proche de 1 volume de
pores (vp) (en moyenne pour les deux colonnes et les deux apports) indiquant l'absence
d'adsorption entre 0 et 17 cm. Avec la profondeur, l'adsorption des chlorures augmente
linéairement puisque le facteur retard atteint la valeur de 2 vp à 85 cm de profondeur.
En revanche, pour les nitrates, non seulement il n'existe pas de relation linéaire avec la
profondeur mais les facteurs retard sont diﬀérents pour les deux apports de lisier (ﬁgure
6.5). En eﬀet, à 17 cm de profondeur, le facteur retard est de 4,9 vp pour le premier apport
de lisier et de 3,5 vp pour le second apport de lisier. À partir de 30 cm de profondeur,
le facteur retard diminue linéairement jusqu'à atteindre des valeurs proches de celui des
chlorures. Cette forte diﬀérence entre les deux anions s'explique par l'absence nativement
de nitrates dans les lisiers apportés, contrairement aux chlorures. En eﬀet, les nitrates sont
produits par la nitriﬁcation du lisier selon une cinétique du premier ordre :
NH+4 + 2 O2 ⇀↽ NO
−
3 + 2 H
+ + H2O
Dans l'horizon de surface, le facteur retard des nitrates n'est donc qu'apparent puisque,
contrairement aux chlorures, il intègre deux composantes : l'adsorption sur le sol et la
nitriﬁcation du lisier. Les mesures du pH et de la concentration en ammonium dans la
solution du sol (ﬁgure 6.6) montrent que la nitriﬁcation est rapide et complète dès 17
cm de profondeur. Une fois ce processus achevé, les nitrates sont lixiviés en profondeur.
Toutefois, jusqu'à l'exutoire de la colonne, le calcul du facteur retard des nitrates intègre
ce décalage initial.
À la profondeur de 85 cm, les facteurs retard des nitrates et des chlorures se rejoignent
(ﬁgure 6.5). Or, bien que les nitrates aient été produits par nitriﬁcation, leur retard vis-à-
vis des chlorures s'est progressivement amoindri avec la profondeur. En eﬀet, les chlorures
précédent les nitrates et présentent une aﬃnité pour l'adsorption légèrement supérieurs à
celle des nitrates (Katou et al., 1996) saturant ainsi préférentiellement les sites d'échange
disponibles. Le transfert des nitrates est donc indirectement favorisé du fait principalement
de cet asynchonisme.
À la profondeur de 17 cm, les facteurs retards pour les nitrates sont signiﬁcativement
diﬀérents entre le premier et le second apport (ﬁgure 6.5). Les courbes d'élution montrent
une dispersion plus faible indiquant une nitriﬁcation plus rapide ou plus eﬃcace. En eﬀet,
les apports répétés de matières organiques améliorent le fonctionnement microbiologique
des sols (Diacono & Montemurro, 2010) et notamment les processus de nitriﬁcation (Müller
et al., 2003).
Expérimentation en colonnes de sol remanié avec un cambisol andique
Une expérimentation très similaire a été menée avec un cambisol andique prélevé dans
les hauts de l'ouest de la Réunion à 800 m d'altitude au coeur de la toposéquence caractérisé
par Feder et al. (2006). Dans trois colonnes de 37,5 cm de diamètre, nous avons reconstitué
deux horizons de sol (040 et 40100 cm). Un lisier de porc a été apporté sur deux d'entre
elles, la troisième servant de témoin, et des apports d'eau ont été réalisé régulièrement aﬁn
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Figure 6.4  Courbes d'élution des nitrates (en haut) et des chlorures (en bas) à 17 cm de
profondeur (à gauche) et à l'exutoire (à droite) des colonnes C1 et C2 après les deux apports
de lisier. Les ﬂèches en pointillés passent par les valeurs moyennes des pics d'élution de
C1 et de C2. Les facteurs retard R correspondent aux écarts entre les ﬂèches pleines et en
pointillées, exprimés en volume de pores (de toute la colonne).
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Figure 6.5  Facteurs retard des nitrates et des chlorures en fonction de la profondeur
pour le premier (BTC1) et le second (BTC2) apport de lisier, pour les colonnes C1 et C2.
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Figure 6.6  À 17 cm de profondeur, évolution du pH, de l'humidité du sol et des concen-
trations en nitrates et ammonium.
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Figure 6.7  Flux instantanés des nitrates (à gauche) et des chlorures (à droite) à 35 cm
de profondeur (traits pleins) et à l'exutoire (traits en pointillés) des colonnes C1 (en haut)
et C2 (en bas) après un apport de lisier ; exprimés en volume de pores (de toute la colonne).
de reproduire le régime hydrique annuel de cette zone. À 15, 35 et 95 cm de profondeur,
chaque colonne a été équipé de tensiomètres et de sondes TDR ; le ﬂux d'eau est également
mesuré à l'exutoire. La solution du sol est prélevée à 7,5, 15 et 35 cm de profondeur par
des préleveurs sans tension ainsi qu'à l'exutoire.
Les trois colonnes présentent une dynamique de l'eau similaire et l'erreur globale estimée sur
le bilan de l'eau est inférieure à 7 %. À 35 cm de profondeur, les ﬂux instantanés de chlorures
précédent ceux des nitrates alors que ces ﬂux sont synchrones à 100 cm de profondeur (ﬁgure
6.7). Les facteurs retard pour les nitrates et les chlorures sont respectivement de 0,85 et
0,7 volume de pores à 35 cm de profondeur et de 1,75 vp à 100 cm de profondeur. Pour
les chlorures les facteurs retards sont semblables à ceux de l'expérimentation avec le nitisol
puisque les valeurs étaient deux fois moindre mais à une profondeur deux fois moindre
aussi. En revanche, pour les nitrates, les facteurs retards à 35 cm avec le cambisol andique
(Feder & Findeling, 2007) sont similaires à ceux obtenus à 17 cm de profondeur avec le
nitisol. Cela indique que la nitriﬁcation est plus rapide et plus intense pour le cambisol
andique et que l'adsorption des nitrates est plus forte à cette profondeur pour le nitisol.
En eﬀet, l'acidiﬁcation de la solution du sol liée à la nitriﬁcation est signiﬁcativement plus
marquée dans le cambisol andique (Feder & Findeling, 2007) que dans le nitisol puisque
les diﬀérences de pH avec les colonnes témoins sont respectivement pour ces deux sols de
1,2 et 0,5 unité pH.
Ainsi, dans les deux expérimentations que nous avons menées, la nitriﬁcation du lisier
induit une acidiﬁcation et un retard signiﬁcatif aux faibles profondeurs des ﬂux de nitrates
par rapport aux ﬂux de chlorures. En revanche, aux exutoires des colonnes, la nitriﬁcation
est complète et les facteurs retards sont semblables pour les nitrates et les chlorures et
pour les deux types de sols.
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Conclusions sur les expérimentations à l'échelle des colonnes de sol
La problématique de la pollution des cours d'eau et des aquifères par les nitrates est
apparue au sein de régions comme la Bretagne, la Hollande, etc. pratiquant une agriculture
intensive et présentant de forts excédents structurels en azote (Rivett et al., 2008). Situées le
plus souvent dans les pays développés, ces régions ne présentent habituellement pas de sols
tropicaux ou volcaniques susceptibles d'interférer avec les transferts de nitrates (Barrow,
1986). Très peu d'étude ont donc été conduites sur ces types de sols soumis à des apports
de pro ; la plupart d'entre elles se focalisant sur les transferts et l'adsorption des nitrates,
mais également des chlorures, apportés sous forme de sels (Katou et al., 1996 ; Vogeler
et al., 1998 ; Duwig et al., 1999 ; Qafoku et al., 2000 ; Clay et al., 2004 ; Katou, 2004). Les
nitrates et les chlorures sont les deux principaux anions monovalents fréquemment apportés
ou mesurés dans les sols ; aussi, ils sont souvent étudiés conjointement. Ils présentent des
constantes d'adsorption semblables et entrent ainsi en compétition pour l'adsorption sur
les sols. Ces études, toutes menées à l'échelle de la colonne de sol, démontrent que cette
première étape ou  échelle d'étude , est la plus simple à mettre en ÷uvre pour obtenir
des résultats préliminaires en l'absence d'autres références ou études (Mochoge, 1984).
En eﬀet, dans les conditions contrôlées du laboratoire, la précision des mesures et leur bonne
répétabilité ont permis de suivre la minéralisation du lisier et notamment sa nitriﬁcation
en fonction de la profondeur dans deux types de sol représentatifs de la Réunion. Bien que
l'observation de la nitriﬁcation et son suivi au cours du transfert des solutés ne soit pas en
soi novateur (Ardakani et al., 1974 ; Sierra, 2002), la cinétique de minéralisation du pro
apporté est très dépendante des caractéristiques du pro et du sol (Paul & Clark, 1989 ;
Rivett et al., 2008). Mon premier apport fondamental est donc une mesure de la capacité des
ces sols à retenir les nitrates lorsqu'ils sont nitriﬁés à partir d'un pro et lorsqu'ils entrent en
compétition avec les chlorures de façon asynchrone ; cette mesure se traduit par le facteur
retard. L'originalité de mes travaux réside également dans le fait que, dans les études
précédemment menées, les sels sont apportés en même temps. Ainsi, en l'absence de mesures
des ﬂux d'eau et d'analyses physico-chimique des solutés aux diﬀérentes profondeurs, nous
aurions simplement observé que les facteurs retards étaient semblables à l'exutoire des
colonnes pour les deux anions étudiés. En réalité, dans les couches de surface, la lixiviation
et l'adsorption des anions sont asynchrones et dépendent de la cinétique de minéralisation
du lisier, des caractéristiques minéralogiques et microbiologiques du sol ; les facteurs retards
sont donc très diﬀérents pour ces deux anions contrairement à d'autres résultats (Katou
et al., 1996 ; Clay et al., 2004). L'identiﬁcation et l'analyse de processus jouant un rôle
majeur dans nos expérimentations (nitriﬁcation, adsorption asynchrone) expliquent les
diﬀérences majeures avec d'autres études et éclairent sur les conséquences agronomiques.
La première conséquence est que les nitrates ne présentent pas une dynamique uniforme
même si les propriétés du sol sont constantes avec la profondeur ; la modélisation des ﬂux
de nitrates s'en trouve complexiﬁée. La seconde conséquence est que la disponibilité des
nitrates pour les cultures au cours du temps et selon la profondeur n'est pas constante
également. En eﬀet, les nitrates ne sont pas produits immédiatement puis, ils sont lixiviés
plus rapidement qu'ils ne l'auraient été s'ils avaient été apportés ou produits en même
temps que les chlorures du fait de la compétition entre ces deux espèces pour l'adsorption.
Ces éléments justiﬁent une approche plus intégrative, à l'échelle de la parcelle cultivée.
6.2.2 Suivi des ﬂux de nitrates dans un cambisol andique
À l'échelle de la parcelle, nous avons suivi les transferts de nitrates dans le cambisol
andique précédemment étudié en colonnes de sol. Une parcelle a été amendée annuellement
par du lisier de porc tandis qu'une parcelle servait de témoin sans apport. La superﬁcie
de la parcelle demeurant faible, nous avons pu maitriser les quantités de lisiers apportés ;
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les épandages étaient réalisés manuellement à l'aide d'une lance à incendie directement
connectée à la tonne à lisier. Les pertes gazeuses par volatilisation ont ainsi été réduites.
En outre, la possibilité de choisir précisément la période, voire le jour d'épandage, nous
ont permis de les réaliser dans des conditions optimales (absence de vent...). Pour palier à
l'absence de répétition dans ce dispositif, nous avons réduit la variabilité inhérente du sol
en réalisant systématiquement plusieurs prélèvements pour la parcelle lisier et la parcelle
témoin ; cette variabilité s'est toujours avérée faible.
Les ﬂux d'eau et de solutés ont été suivis avec la même méthodologie qu'en colonnes
de sol par des mesures de la pression de l'eau dans le sol et de l'humidité volumétrique
enregistrées en continu à diﬀérentes profondeurs. Les stocks d'azote minéral du sol 7 ont
été suivis régulièrement ainsi que les exportations par les cultures.
De 2003 à 2005, la première campagne de suivi s'est déroulée dans le cadre de la thèse de
N. Payet (2005). Nous avons suivi une rotation maïs/avoine pendant deux saisons avec un
épandage de lisier en octobre ou en novembre au début de la saison chaude. De 2007 à
2009, nous avons mené une seconde campagne de suivi. Nous avons également suivi deux
saisons mais sur une prairie de bracharia recevant également une fois par an aux mêmes
périodes un épandage de lisier.
Première campagne de suivi
La dynamique du stock de nitrates dans les diﬀérentes couches de sol au cours de la pre-
mière campagne de suivi (20032005) est rythmée par plusieurs évènements. Après l'apport
de lisier en octobre 2003, le stock de nitrate augmente régulièrement et signiﬁcativement
dans la couche 0  30 cm jusqu'en janvier 2004 puis par transfert dans la couche 30  60 cm
(ﬁgure 6.8). Cette augmentation est régulière puisque l'azote organique du lisier apporté
en surface doit se minéraliser et l'ammonium se nitriﬁer préalablement. Les fortes pluies
de janvier 2004 couplées aux prélèvements par la culture de maïs réduisent drastiquement
le stock de nitrates notamment dans la couche de surface. Ensuite, d'avril à octobre 2004,
les pluies sont quasiment nulles et le stock de nitrate dans les diﬀérentes couches de sol
analysées se reconstitue par la minéralisation des résidus de la culture de maïs et de la
matière organique du sol.
Le deuxième épandage de lisier en novembre 2004 engendre également une augmentation
régulière et signiﬁcative du stock de nitrate dans la couche de surface puis progressivement
des couches sous-jacentes. De janvier 2005 à mars 2005, trois épisodes pluviométriques
intenses d'environ dix jours chacun se succèdent et induisent un transfert signiﬁcatif des
nitrates vers les couches plus profondes puis hors du proﬁl de sol ainsi qu'une diminution
globale du stock de nitrates.
La lixiviation des nitrates en dessous de la profondeur racinaire (150 cm) et les prélève-
ments d'azote par les cultures représentent chacun environ 150 kgN/ha pour la seconde
saison de culture (ﬁgure 6.9). Si les exportations d'azote par la culture de maïs sont cohé-
rentes avec la fertilisation apportée et les rendements obtenus, les pertes par lixiviation, en
revanche, apparaissent très importantes. En eﬀet, en moins de deux mois, de début février
2005 à ﬁn mars 2005, le cumul des pluies atteint 570 mm. En l'absence de ruissellement,
ces pluies ont lixivié progressivement les nitrates. Par ailleurs, après ces évènements, le
stock d'azote dans la couche 060 cm est très faible (inférieure à 20 kgN/ha) tandis que le
stock total dans le proﬁl de sol dépasse 150 kgN/ha (ﬁgure 6.8).
Ces mesures ont été utilisées dans le cadre de la thèse de N. Payet (2005) aﬁn de caler
et de valider le modèle wave dans nos conditions spéciﬁques (Payet et al., 2009). Outre
les paramètres agronomiques demandés par le modèle, le coeﬃcient de dispersion D et le
7. Compte-tenu des concentrations toujours très faibles en azote ammoniacal, les teneurs en nitrates
sont similaires aux teneurs totales en azote minéral.
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Figure 6.8  Évolution des stocks de nitrates dans les diﬀérentes couches de sol au cours
de la première campagne de suivi (20032005).
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Figure 6.9  Quantités d'azote lixivié sous forme de nitrates en deçà de la profondeur
racinaire et prélevé par la plante au cours de la seconde saison sur la parcelle lisier.
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Figure 6.10  Évolution des stocks de nitrates dans les diﬀérentes couches de sol au cours
de la seconde campagne de suivi (20072009).
coeﬃcient de distribution Kd du nitrate (cf.  6.1.3, page 57) ont été calé sur la première
période de suivi. Ainsi, les ﬂux d'eau et de nitrates, l'évolution des stock d'azote dans le
sol et les prélèvements par la plante ont été correctement reproduits par ce modèle. Du-
wig et al. (2003) avait déjà démontré la robustesse de ce modèle dans une autre situation
tropicale (sol ferrallitique, îles Loyautés, Nouvelle-Calédonie).
Seconde campagne de suivi
L'apport de lisier en novembre 2007 débute la seconde campagne de suivi (ﬁgure 6.10).
Jusqu'en février 2008, les fortes pluies redistribuent les nitrates sur le proﬁl de sol jusqu'à
120 cm de profondeur. Contrairement à la première campagne de suivi, le stock d'azote du
sol augmente immédiatement puis il évolue très peu en deçà de 60 cm de profondeur. En
eﬀet, en l'absence de pluies signiﬁcatives à partir de février 2008 et compte tenu de l'enra-
cinement moins profond de la bracharia (environ 40 cm), les nitrates ne sont ni lixiviés ni
prélevés par la plante à ces profondeurs.
En novembre 2008 et 2009, deux autres apports de lisiers renouvellent rapidement le stock
d'azote du stock dans les couches de surface. Dans la couche 030 cm, l'azote est intensé-
ment prélevé par la culture pendant la saison chaude et humide mais également redistribué
vers les couches sous-jacentes. L'absence d'épisode cyclonique ou de pluies importantes
expliquent cette dynamique.
Conclusions sur les expérimentations à l'échelle de la parcelle
J'ai précédemment démontré et mesuré la capacité de deux types de sols de la Réunion
a retenir les nitrates à l'échelle de la colonne de sol ( 6.2.1, page 65). Les expérimenta-
tions à l'échelle de la parcelle présentées ici ont permis principalement de quantiﬁer les
prélèvements d'azote apporté par les lisiers selon les caractéristiques des cultures. En ef-
fet, la bracharia couvre intégralement le sol et possède un système racinaire permanent
et plus eﬃcient dans les couches de surface. Inversement, les cultures de maïs et d'avoine
couvrent peu le sol mais présentent un système racinaire qui explore également les horizons
profonds ; le système racinaire du maïs a été observé sur la parcelle jusqu'à 1,4 mètre de
profondeur tandis que celui de la bracharia ne dépasse pas 60 cm. L'eﬃcience des prélè-
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vements d'azote par la plante est directement corrélée à la profondeur et à la densité de
son système rhizosphérique. Les références agronomiques et pédologiques disponibles sur
ces sols, notamment pour renseigner les modèles, étant peu nombreuses voire inexistantes,
nos résultats ont contribués à combler ces lacunes.
Par ailleurs, mes expérimentations ont également permis de quantiﬁer en conditions réelles
la rétention des nitrates dans le cambisol andique et d'obtenir les paramètres nécessaires à
la modélisation de ces ﬂux. Ainsi, j'ai mesuré la lixiviation des nitrates suite aux épandages
de lisier et aux premières pluies. Dans ces sols, les diﬀérentes cultures ont plus longtemps
accès aux nitrates, notamment dans les horizons de surface, avant que ceux-ci soient lixi-
viés. En outre, nos résultats ont montré qu'un modèle comme wave peut être calé et validé
sur un sol présentant des propriétés andiques (Payet et al., 2009). Bien que la modélisation
des ﬂux d'azote n'ait pas été menée lors de la seconde campagne de suivi, les mesures
réalisées ont conﬁrmé cette plus longue disponibilité des nitrates pour les cultures. Eneji
et al. (2002) et Maeda et al. (2003) ont également démontré cet eﬀet pour des andosols du
Japon, dont les caractéristiques pédologiques sont assez proches du cambisol andique de la
station des Colimaçons. Enﬁn, le lisier de porc apporté s'est minéralisé plus rapidement lors
de la seconde campagne de suivi. Cet eﬀet, également observé précédemment en colonne
de sol, s'explique principalement par une meilleure activité microbiologique du sol après
plusieurs épandages (Diacono & Montemurro, 2010).
En résumé, les sols volcaniques et tropicaux de la Réunion présentent une capacité d'échange
anionique (cea) qui ralentie la lixiviation des nitrates et des chlorures. Mais lorsque les
nitrates sont apportés après les chlorures, cette capacité d'adsorption est moindre pour
les nitrates et ceux-ci sont alors lixiviés plus rapidement que les chlorures ; cet eﬀet se
compensant à partir d'une certaine profondeur (environ 1 mètre dans nos expérimenta-
tions). Bien que les conséquences agronomiques et environnementales soient indéniables, il
apparait diﬃcile de les prendre en considération pour faire des recommandations tant les
situations agro-pédologiques et climatiques sont contrastées. En eﬀet, si les seuls aspects
agro-pédologiques peuvent faire l'objet de recommandations 8, la prise en compte de la
pluviométrie nécessiterais de renseigner un modèle aﬁn de simuler les transferts de solutés.
Bien que cela eût été ambitieux et novateur, la diversité des sols et des pratiques agricoles
à la Réunion, m'a plutôt orienté dans une autre direction à savoir la prise en compte des
caractéristiques des sols pour évaluer les transferts de nitrate à l'échelle régionale.
6.2.3 La vulnérabilité des aquifères de l'ouest de la Réunion aux pollu-
tions par les nitrates
Aux échelles de la colonne de sol et de la parcelle, mes travaux ont montré le rôle clé
joué par les sols dans la rétention et les transferts des nitrates. Or, bien que la superﬁcie
de la Réunion soit modeste (2 512 km2), les sols présentent une très forte diversité et
des propriétés physiques et géochimiques particulières, spéciﬁques aux sols tropicaux et
aux sols volcaniques. Le sous-sol quant à lui est très hétérogène puisqu'à la superposition
de matériaux aux caractéristiques diﬀérentes s'ajoute des structures géologiques telles des
dykes ou des ﬁssures et des fractures. À l'échelle du territoire, le contexte morphologique ne
dessine pas des bassins versants qu'il serait possible d'étudier individuellement. En outre,
des études stationnelles, telle que celle menée sur la station des Colimaçons, ne peuvent
être démultipliées aﬁn d'appréhender les impacts des apports de pro sur la pollution des
aquifères par les nitrates d'origine anthropiques. Aussi, j'ai cherché une méthode pour éva-
luer ces impacts en tenant particulièrement compte de la nature des sols de l'ouest de la
Réunion.
8. Pour un type de sol donné, en connaissant la cea ou l'intensité potentielle de la nitriﬁcation, un
conseil agronomique pourrait être donné pour orienter la gestion de la fertilisation organique.
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Figure 6.11  Spectre infrarouge à transformée de Fourier sur le sol non traité et après
un ou trois traitements à l'oxalate et avec HCl ; G = gibbsite, K = kaolinite, SROMs =
minéraux cristallisés à courte distance (e.g. allophane et imogolite).
À partir des données acquises aux échelles de la colonne de sol et de la parcelle, j'ai identiﬁé
les propriétés jouant un rôle prépondérant dans les transferts des nitrates spéciﬁquement
pour les sols de la Réunion. Ensuite, j'ai cherché à les agréger puis à les représenter spatiale-
ment à l'échelle du territoire. Ces propriétés de nature physique (conductivité hydraulique,
granulométrie, épaisseur du sol) s'associent aux propriétés chimiques (capacité d'échange
anionique, etc.) pour caractériser la capacité intrinsèque des sols à retenir ou transmettre
les ﬂux de nitrates vers le sous-sol et donc vers les nappes phréatiques.
Néanmoins, pour construire cette cartographie de la vulnérabilité des aquifères au transfert
des nitrates, j'ai très vite été confronté au manque de données pédologiques et à l'ancien-
neté de la carte de Raunet (1991a). Dans le cadre du projet  évaluation des risques de
transfert des polluants à travers les sols , j'ai été amené à réaliser une cartographie de la
vulnérabilité des nappes au transfert des nitrates. La première étape a consisté à dévelop-
per une méthode de mesure de la granulométrie adaptée aux sols présentant des propriétés
andiques (Alary et al., 2013). Pour la deuxième étape, en plus de ces analyses granu-
lométriques, j'ai acquis de nouvelles informations pédologiques aﬁn d'actualiser la carte
pédologique existante (Feder & Bourgeon, 2009 ; Feder, 2013). Enﬁn, la réalisation d'une
carte de vulnérabilité au transfert des nitrates a constitué la troisième étape (Feder et al.,
2008).
Développement d'une méthode de détermination de la granulométrie pour les
sols andiques
L'étude de la pédogenèse sur le ﬂanc ouest du piton des Neiges est complexe du fait du
fort gradient climatique altitudinal, de l'âge variable des roches mères et de l'impossibilité
de réaliser des analyses granulométriques classiques sur les sols présentant des proprié-
tés andiques. Or, ce dernier paramètre est indispensable pour l'identiﬁcation d'horizons
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argiques, pour évaluer l'intensité de la pédogenèse et caractériser les minéraux argileux.
Aussi, nous avons développé une méthode de détermination de la granulométrie dans les
sols andiques.
Dans les sols tropicaux riches en oxydes de fer et d'aluminium, un traitement à l'acide
chlorhydrique à 2 mol.l-1 est fréquemment utilisé pour dissoudre les ciments ferrugineux
qui perturbent la mesure de la taille des particules. Toutefois, ce traitement peut égale-
ment dissoudre d'autres minéraux. Or, ce traitement est souvent nécessaire dans les sols de
la Réunion dès lors qu'ils présentent de telles caractéristiques. Dans les sols aux propriétés
andiques, ce sont les phases cristallisées à courte distance (e.g. allophane et imogolite) qui
perturbent habituellement la mesure granulométrique. Aussi, nous avons comparé l'eﬀet
d'un traitement HCl avec un traitement consistant à réaliser une à trois dissolutions avec
de l'oxalate d'ammonium à pH 3.
Le traitement à l'oxalate dissout correctement les minéraux cristallisés à courte distance
(ﬁgure 6.11) puisque le pic caractéristique à la longueur d'onde de 995 cm-1 disparait. Tou-
tefois, contrairement au traitement à l'HCl, les autres minéraux tels que la gibbsite et la
kaolinite ne sont pas dissous. De la même façon, par diﬀraction aux rayons X (Alary et al.,
2013), la smectite est préservée par le traitement à l'oxalate mais dissoute par le traitement
à l'acide.
Au-delà de cette possibilité désormais oﬀerte de réaliser des analyses granulométriques pour
comprendre plus ﬁnement la pédogenèse des sols aux propriétés andiques, l'application de
cette méthode sur les sols andiques du ﬂanc ouest du piton des Neiges a permis d'identiﬁer
deux phases minérales (smectite et kaolinite) qui n'avaient pas été observées auparavant
sur ces sols (Alary et al., 2013). En outre, l'enrichissement en argiles de certains horizons a
pu être mis en évidence aﬁn de distinguer entre eux certains sols aux propriétés andiques.
Actualisation de la carte pédologique de l'ouest de l'île de la Réunion
Au cours de la deuxième étape, j'ai acquis de nombreuses et nouvelles données pour ac-
tualiser la carte pédologique de l'ouest de la Réunion en utilisant comme système de classi-
ﬁcation des sols la wrb (iuss working group wrb, 2007). En eﬀet, l'évolution des concepts
en science du sol et corrélativement des systèmes de classiﬁcation des sols, ne permettent
pas systématiquement d'actualiser, sans erreurs ou imprécisions, d'anciennes cartes pédo-
logiques. Les paramètres pédologiques, les caractérisations analytiques deviennent avec le
temps imprécis, incomplets, parfois inexploitables.
Aussi, j'ai mené une campagne de caractérisation et de prélèvement des sols en deux étapes :
dans un premier temps, sur un secteur de référence autour d'une toposéquence (Feder et al.,
2006) puis sur l'intégralité de la zone d'étude. Les observations et les analyses de 70 fosses
de référence et de 175 sondages à la tarière m'ont permis d'identiﬁer trente types de sols
correspondant à des groupes de références de la wrb (iuss working group wrb, 2007) et
à leurs subdivisions par des qualiﬁcatifs, préﬁxes et suﬃxes (ﬁgure 6.12). La confronta-
tion de cette nouvelle cartographie avec celles précédemment acquises par Riquier (1960)
et Raunet (1991a) principalement, a montré les diﬃcultés d'actualisation de cette carte
pédologique notamment du fait du changement dans le système de classiﬁcation des sols
utilisé (Feder, 2013). Toutefois, cette comparaison fait également ressortir des constantes. Si
nous admettons que les sols ferrallitiques beiges de Riquier (1960) sont en fait des andosols
non identiﬁés comme tels pour des raisons historiques, la succession podzols  andosols 
autres sols est reconnue de tous. Autre constante, aucun de ces auteurs n'a identiﬁé de sols
brun-rouille à halloysite comme signalé dans de nombreuses autres études de sols tropicaux
développés sur matériau volcanique (Colmet-Daage et al., 1973 ; Albrecht et al., 1992) ou
simplement des sols bruns dont la fraction argileuse serait dominée par l'halloysite comme
en Équateur (Winckell et al., 1991).
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Figure 6.12  Nouvelle cartographie des sols de l'ouest de la Réunion.
Cartographie de la vulnérabilité des aquifères au transfert de nitrates
Pour élaborer la cartographie de la vulnérabilité des aquifères, je me suis inspiré en
premier lieu des modèles hydrogéologiques tels que drastic (Aller et al., 1987 ; Shirazi
et al., 2012). Cet outil utilise diﬀérentes variables (type de sol, profondeur de l'aquifère,
pente, conductivité hydraulique de l'aquifère, recharge, etc.) ; chacune de ces variables est
normalisée entre 1 et 10 et possède un poids, en fonction de leur importance, dans le calcul
ﬁnal d'un indice de vulnérabilité 9. Ainsi pour la variable  sol , un sol argileux ou très
peu ﬁltrant aura un indice de 1 tandis qu'un sol sableux (ou l'absence de sol) possédera un
indice de 10. Cet indice sera, pour la variable  sol , ensuite pondéré par un facteur 2 ; les
autres variables ayant un facteur de pondération compris entre 1 et 5. Bien que cet outil
soit assez simple à mettre en oeuvre, les principales critiques à son encontre dans notre
situation, sont les suivantes :
 il nécessite des données hydrogéologiques dont nous ne disposons pas toujours ;
 il n'est pas adapté au contexte volcanique ;
 il minimise le rôle du sol ;
 l'échelle de représentation n'est pas adapté puisque en surface nous avons une diver-
sité de type de sol alors que l'aquifère sous-jacent est unique et homogène.
En outre, l'intérêt d'un tel modèle à indexation et pondération réside dans la comparaison
de situations complexes et contrastées puisque l'information ﬁnale est un indice relatif. Or,
le sol est la seule variable pour laquelle nous avons une bonne connaissance et qui présente
des diﬀérences à l'échelle de notre zone d'étude. Aussi, j'ai choisi d'élaborer un modèle à
l'image de drastic mais dont les variables seraient uniquement pédologiques. L'hypothèse
que j'ai faite est que le sous-sol de notre zone d'étude était soit homogène (nature et pro-
priétés de la roche mère, etc.) soit connu trop imprécisément.
Toutefois, la diﬃculté rencontrée dans les modèles à indexation est la hiérarchisation et
9. Plus l'indice est élevé, plus la vulnérabilité est forte.
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Figure 6.13  Représentation de l'indice de vulnérabilité de la zone d'étude comprise entre
la rivière des Galets au nord et la ravine des Avirons au sud.
surtout la pondération des diﬀérents critères. Ici, ce sont les variables pédologiques que
nous avons identiﬁées comme jouant un rôle majeur dans le transfert des nitrates a travers
les sols. Certains modèles permettent de lever le problème de la pondération, ne nécessitant
simplement que la résolution de la hiérarchisation des critères à prendre en compte. C'est
le cas de la méthode Siris (système d'intégration des risques par interaction des scores)
proposée par Vaillant et al. (1995). C'est une méthode hiérarchique qui ne nécessite pas la
déﬁnition de la gravité des facteurs (semblable à la pondération dans les autres méthodes)
mais seulement leur classement hiérarchique relatif les uns par rapport aux autres. Elle
met en fait en ÷uvre des règles (auto-pénalisation, etc.) peu explicites. La méthode Siris
est un outil d'aide à la décision pour le classement de situation à risque les unes par rap-
port aux autres (Guerbet & Jouany, 2002). Les propriétés des contaminants composent
essentiellement la vulnérabilité spéciﬁque tandis que les propriétés des sols forment la vul-
nérabilité intrinsèque (ﬁgure 6.3, page 60). Ainsi, l'application à d'autres contaminants ne
nécessiterait pas d'acquérir de nouvelles informations fondamentales sur les sols du ter-
ritoire considéré. En eﬀet, cette méthode est également appliquée aﬁn de représenter la
potentialité des substances phytosanitaires à se retrouver dans les eaux de surface ou les
eaux souterraines (voir par exemple www.ineris.fr/siris-pesticides).
La carte de la vulnérabilité des aquifères au transfert des nitrates (ﬁgure 6.13) utilise une
échelle relative de 1 à 15 correspondant respectivement aux vulnérabilités les plus faibles
et les plus fortes. Ainsi, nous observons immédiatement que les zones où le sol est très
peu épais voire absent (fond de ravine, forte pente, zone d'altitude, etc.) présentent les
vulnérabilités maximales (classe entre 12 et 15). En eﬀet, la rétention des nitrates est, par
comparaison avec les autres situations où un sol est présent, nulle ou très faible. À l'in-
verse, les sols les plus épais, avec une faible conductivité hydraulique et une forte capacité
d'échange anionique (typiquement les andosols), montrent un indice de vulnérabilité au
transfert des nitrates très faible (classe entre 0 et 5).
Cette vulnérabilité ne préjuge en rien d'un éventuel aléa. En eﬀet, l'aléa, selon la représen-
tation schématique de la ﬁgure 6.3, correspondrait à un apport de pro ou de tout autre
fertilisant contenant des nitrates. Or, c'est bien le croisement de cet aléa et de la vulnéra-
bilité qui induit un risque de pollution. Dans le fond des ravines, bien que la vulnérabilité
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soit très forte, l'aléa serait certainement très faible ; au ﬁnal, ce n'est donc potentiellement
pas une zone à risque. Enﬁn, cette vulnérabilité est essentiellement invariable au cours
du temps puisque construite à partir de paramètres pédologiques, contrairement à l'aléa
qui est ponctuel dans le temps et indéterminé a priori. Cette carte de la vulnérabilité est
donc un premier élément qu'il est nécessaire de croiser avec une cartographie de l'aléa
qui pourrait par exemple représenter spatialement, la fertilisation en azote des cultures.
L'objectif principal de cette cartographie est de pouvoir orienter des actions, notamment
des pouvoirs publics, vers les zones présentant les vulnérabilités les plus fortes, a fortiori si
l'aléa est également fort.
Conclusions des travaux sur les nitrates à l'échelle du territoire
Contrairement aux échelles de la colonne de sol et de la parcelle pour lesquelles les
outils et la nature des mesures étaient similaires et les concepts proches, mes travaux à
l'échelle du territoire marquent une rupture franche. En eﬀet, si les objets  colonne de
sol  et  parcelle  sont fondamentalement identiques (seule la taille considérée change), le
territoire ne peut plus aussi simplement être considéré comme une grande ou comme une
mosaïque de parcelles, du fait notamment de l'émergence d'autres processus (redistribution
complexe de matière par ruissellement, hétérogénéité du territoire, etc.). En outre, les ﬂux
de contaminants sont observés ou considérés soit à la base de la colonne ou du proﬁl de
sol aux échelles de la colonne de sol et de la parcelle, soit dans l'aquifère sous jacent à
l'échelle du territoire ; c'est un autre élément distinctif majeur puisque dans la première
situation nous mesurons un ﬂux ponctuel ou continu tandis que dans la seconde situation,
nous mesurons une concentration à un moment donné.
À cette échelle d'étude, mes travaux sur la granulométrie dans les sols andiques ont consti-
tué une réelle nouveauté (Alary et al., 2013). En eﬀet, Nanzyo et al. (1993) et plus récem-
ment Buurman et al. (1997) ont détaillé les problèmes rencontrés dans l'analyse granulomé-
triques des andosols (dispersion incomplète, inﬂuence du pH) et les diﬃcultés d'interpré-
tation de leur pédogénèse (lessivage des argiles, etc.). La procédure développée contourne
désormais ces diﬃcultés (Feder, 2013) alors que les classiﬁcations pédologiques avait aban-
donnée cette détermination comme critère caractéristique (Soil Survey Staﬀ, 2014).
Au delà de nos besoins pour étudier la vulnérabilité des sols aux transferts de nitrates,
l'actualisation de la carte pédologique de l'ouest de la Réunion a déﬁni un cadre méthodo-
logique et conceptuel qui permet d'envisager une transposition sur toute l'île de la Réunion.
J'ai détaillé ces problèmes rencontrés (Feder & Bourgeon, 2009) parce que de nombreuses
autres cartes pédologiques ont également été réalisées avec la cpcs (1967), notamment en
Afrique pour des raisons historiques évidentes. Ainsi, par extension, les travaux d'actua-
lisation de ces cartes (i) éviteront les transpositions trop rapides entre deux systèmes de
classiﬁcation (nous avons démontré l'infaisabilité systématique), (ii) cibleront eﬃcacement
les nouvelles mesures et observations à réaliser. Plus largement, ce travail fournit égale-
ment des éléments de réﬂexion sur (i) la prise en compte de l'évolution des concepts en
science du sol et leurs transpositions dans les classiﬁcations, (ii) les diﬀérences entre les
grandes classiﬁcations internationales et (iii) le choix de l'une d'entre elles pour actualiser
une ancienne carte pédologique.
Enﬁn, bien que mon travail sur la vulnérabilité aux transferts de nitrates soit à l'origine
spéciﬁquement développé pour le contexte de l'ouest de la Réunion, l'approche concep-
tuelle est générique et réutilisable aussi bien pour le transfert d'autres contaminants sur
le même territoire que dans d'autres situations pédologiques. En eﬀet, l'évaluation de la
vulnérabilité des aquifères fait l'objet de nombreux travaux notamment grâce à l'essor des
systèmes d'information géographique aussi bien pour les nitrates (Shirazi et al., 2012) que
pour d'autres contaminants (Brown et al., 2003).
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6.3 Contamination des sols par les éléments traces métal-
liques : expérimentation et modélisation à l'échelle de la
colonne et de la parcelle
La problématique de la contamination des sols et des végétaux par les etm est assez
récente à la Réunion pour plusieurs raisons. Le secteur industriel lié à la production ou la
transformation de matières premières (mines, métallurgie, chimie...) et générateur de rejets
métalliques est très peu présent. De plus, dans les années 2000, le recyclage des déchets non
agricoles à la Réunion est embryonnaire et l'enfouissement demeure la voie d'élimination
principale. Ainsi, les principaux déchets recyclés en agriculture (lisiers, fumiers, écumes,
etc.) ne sont pas contraints à un suivi réglementaire des etm. Par ailleurs, à la même
période, la mise aux normes et le développement des stations d'épuration des eaux usées
a induit une augmentation de la production de boues de step pour lesquelles la valorisa-
tion en agriculture est la voie privilégiée en France. Or, ces épandages ont longtemps été
impossible à la Réunion à cause du fond pédogéochimique naturel en etm trop riche 10 ;
les travaux de Collin & Doelsch (2008) ont apporté les éléments scientiﬁques permettant
de lever cette interdiction. Le recyclage des pro d'origine agricole et urbaine et contenant
des etm s'est donc accentué et compte tenu des contraintes réglementaires le besoin de
références sur les diﬀérents types de sol de la Réunion a émergé. De même que pour les
nitrates, j'ai abordé cette problématique selon plusieurs échelles pour deux types de sol
contrastés de la Réunion, mais compte-tenu des propriétés des etm, en mettant en place
des expérimentations diﬀérentes ou des modèles spéciﬁques.
Au sein du troisième thème du projet scientiﬁque de l'unité  recyclage et risque  (interac-
tions entre pro, eau, sols et plantes), mes collègues E. Doelsch et M. Bravin s'intéressent
respectivement à la spéciation des etm en phase solide et à leurs phytodisponibilités tan-
dis que j'apporte une complémentarité en focalisant mon approche sur le transfert de ces
éléments dans les sols. En eﬀet, la mobilité des etm présente de signiﬁcatives diﬀérences en
premier lieu selon les caractéristiques du sol et principalement ses capacités d'adsorption
liées à sa minéralogie (argiles, oxydes de fer et d'aluminium), sa teneur en matière orga-
nique (McBride, 1989 ; Bradl, 2004 ; Carrillo-Gonzalez et al., 2006). Dans un second temps,
les quantités et les propriétés du pro apportés jouent un rôle majeur de part l'apport de
composés organiques facilement solubles et pouvant complexer les etm (Saar & Weber,
1982 ; Kramer & Duinker, 2013) mais également du fait des modiﬁcations (pH, potentiel
d'oxydo-réduction, force ionique...) induites sur le milieu (Diacono & Montemurro, 2010).
Enﬁn, le contexte climatique (pluviométrie, température) ne joue pas un rôle moins im-
portant notamment lorsque les ﬂux d'eau dans les sols sont importants que cela peut l'être
à la Réunion du fait des fortes pluviométries. Dans ce cadre, mes objectifs ont été :
 de quantiﬁer les transferts d'etm après des apports de diﬀérents pro dans deux
grands types de sol de la Réunion ;
 de modéliser leur accumulation à long terme.
Ma contribution aux études sur les etm présentées dans cette section ont fait l'objet de
quatre publications dans des revues à comité de lecture (Doelsch et al. (2011) ; Lahbib-
Burchard et al. (2012) ; Legros et al. (2013) ; Wassenaar et al. (2014)), trois communications
orales et deux communications posters dans des congrès internationaux.
10. Les fortes teneurs en etm des sols réunionnais sont dues aux roches mères d'origine volcanique sur
lesquelles les sols se développent (Doelsch et al., 2006).
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Figure 6.14  Nitisol de La Mare : concentrations en cuivre et en zinc en fonction de la
profondeur dans le sol témoin n'ayant reçu que les apports d'eau et dans le sol des colonnes
1 et 2 (valeurs moyennes) ayant reçu deux apports de lisier.
Figure 6.15  Cambisol andique des Colimaçons : concentrations en cuivre et en zinc en
fonction de la profondeur dans le sol initial, dans le sol de la colonne témoin n'ayant reçu
que les apports d'eau et dans le sol des colonnes 1 et 2 ayant reçu un apport de lisier.
6.3.1 Suivi des ﬂux d'éléments traces métalliques à l'échelle de la co-
lonne de sol
Aﬁn de suivre les transferts d'etm à l'échelle de la colonne de sol, j'ai utilisé les mêmes
dispositifs expérimentaux que ceux présentés dans les sections 6.2.1 (page 60) et 6.2.1 (page
61). Le cambisol andique et le nitisol, prélevés respectivement sur les stations du Cirad de
La Mare et des Colimaçons, ont donc reçu respectivement un et deux apports de lisier de
porc suivis d'apports d'eau reproduisant une à deux années pluviométriques. Les teneurs
en etm dans les sols ont été mesuré :
 avant l'expérimentation pour chaque couche prélevée in situ puis reconstituée dans
les colonnes ;
 après l'expérimentation dans chacune des trois colonnes tous les 2,5 cm entre 0 et 10
cm de profondeur puis tous les 10 cm jusqu'à la base de la colonne.
Pour les deux types de sol, dans l'horizon de surface, les teneurs initiales en cuivre et en
zinc ne présentent pas de diﬀérences signiﬁcatives avec le sol de la colonne témoin (ﬁgures
6.14 et 6.15).
Le comportement du cuivre dans le nitisol et du zinc dans les deux types sols est similaire :
les bilans massiques ont montré que la quasi-totalité de ces éléments apportés par le lisier
de porc, s'était accumulée dans la couche la plus superﬁcielle 0  2,5 cm. Les préleveurs de
la solution du sol placés à 17 cm de profondeur n'ont d'ailleurs jamais révélé de concen-
trations en zinc plus élevées pour les colonnes ayant reçu du lisier par comparaison avec la
colonne témoin du cambisol andique ni même pour le cuivre dans le nitisol. Les analyses
de ces deux compartiments (sol et lixiviat) ont donc conﬁrmé l'absence de transfert de
cuivre à travers le nitisol et de zinc à travers les deux types de sol dans ces conditions
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hydrodynamiques. En revanche, les concentrations en cuivre dans le cambisol andique ont
été plus élevées pour les deux colonnes lisier par rapport à la colonne témoin pour toutes
les couches jusqu'à 15 cm de profondeur. En deçà, dans la couche 20  40 cm, les teneurs en
cuivre des colonnes lisier et témoin redeviennent similaires aux teneurs dans le sol initial.
Ces résultats sont cohérents avec les caractéristiques granulométriques et minéralogiques
de ces sols. Pour le nitisol, la quantité d'argile est particulièrement importante (75 % d'ar-
gile dans l'horizon de surface) et les principales phases minérales observées par diﬀraction
aux rayon X (halloysite, goethite, magnétite, hématite, ilménite, gibbsite) sont de nature à
adsorber les etm. En outre, la teneur en matière organique est assez élevée (3,1 %). Malgré
le pH acide du sol et l'acidiﬁcation de la solution du sol corrélative à la nitriﬁcation du
lisier (cf. paragraphe 6.2.1, page 60), cette adsorption du cuivre et du zinc dès la couche de
surface est donc cohérente avec d'autres résultats acquis sur des sols tropicaux lors d'expé-
rimentations d'apport de pro en colonnes (Richards et al., 2000 ; Cornu et al., 2001). Pour
le cambisol andique, les caractéristiques minéralogiques (halloysite, gibbsite, maghémite,
hématite, ilménite) déduites des spectres de diﬀraction aux rayons X et les fortes teneurs
en complexes organo-minéraux déduites des extractions à l'oxalate d'ammonium et au py-
rophosphate de sodium expliquent cette forte adsorption dès les couches de surface ; ces
résultats sont similaires à ceux observés pour les sols tempérés (Novak et al., 2004 ; Lipoth
& Schoenau, 2007) et des andosols (Fujikawa & Fukui, 2001 ; Soubrand-Colin et al., 2007).
Toutefois, ces suivis en colonne de sol ne prennent pas en compte les prélèvements d'etm
par les cultures ni les processus rhizosphériques. Les conditions de terrain, notamment la
préservation de la structure du sol, peuvent également modiﬁer les transferts. Aussi, nous
avons choisi de travailler également à l'échelle de la parcelle.
6.3.2 À l'échelle de la parcelle, suivi des ﬂux d'éléments traces métal-
liques dans un cambisol andique
Contexte et méthodologie
Dans cadre de la thèse de S. Legros (2008), nous avons complété le dispositif de suivi
des ﬂux d'eau et de soluté in situ mis en place initialement dans le cadre de la thèse de N.
Payet (2005) mais pour suivre les transferts d'etm et particulièrement du cuivre et du zinc
dont on sait que les teneurs dans les lisiers de porc sont importantes. Les ﬂux d'eau sont
calculés à partir de la loi de Richards à l'aide des mesures tensiomètrique et de l'humidité
volumétrique selon la même méthodologie qu'en colonne de sol. Le logiciel Hydrus 1D
a ainsi été utilisé pour modéliser ces ﬂux d'eau et calculer les diﬀérentes composantes du
bilan hydrique. Les ﬂux de solutés sont récupérés à l'aide de plaques lysimétriques équipées
de mèches en ﬁbre de verre. La solution du sol a également été récupérée par centrifugation
de 50 g de sol frais. Deux épandages de lisiers ont été réalisés (novembre 2006 et juillet
2007) à la suite desquels les teneurs en etm des lixiviats, de la solution du sol, des pro et
des végétaux ont été mesurées.
Le cuivre et le zinc dans le lisier et les compartiments eau-sol-plante
La qualité de la paramétrisation du modèle Hydrus 1D a été estimée par le coeﬃcient
de Willmott (Willmott, 1981) et s'est avérée satisfaisante. Dès lors, nous avons établi le
bilan hydrique de chacune les deux périodes de suivi (ﬁgure 6.16). La première période se
caractérise par un évènement pluviométrique court et intense (jour 115) qui est à l'origine
de la quasi-totalité du ﬂux d'eau cumulé drainé à 60 cm de profondeur. À l'inverse, au cours
de la seconde période, le drainage est la conséquence de six à huit évènements pluviomé-
triques bien distincts. Nous avons ensuite couplé ces ﬂux d'eau avec les concentrations en
cuivre et en zinc mesurées à 60 cm de profondeur. Les ﬂux ainsi calculés sont très peu
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Figure 6.16  Cumul des pluies, du ﬂux d'eau drainé et de l'évapotranspiration potentielle
au cours de la première (à gauche) et de la seconde campagne de suivi (à droite) ; d'après
Legros et al. (2013).
diﬀérents entre la parcelle amendée par du lisier et la parcelle témoin.
Les concentrations en cuivre dans les végétaux ont montré des valeurs signiﬁcativement
plus élevées dans la parcelle lisier que dans la parcelle témoin (tableau 6.1) ; la diﬀérence
reste toutefois faible. En revanche, les concentrations en zinc dans les végétaux sont simi-
laires entre les deux modalités. Ainsi, les exportations de cuivre et de zinc par les végétaux,
quelles soient les modalités, demeurent très faibles.
À la ﬁn de l'expérimentation, nous avons mesuré les stocks de cuivre et de zinc dans le
sol de la parcelle lisier et à partir du fond pédogéochimique de la même parcelle (tableau
6.1). Pour le cuivre, entre 0 et 60 cm de profondeur, seule la couche 0  20 cm présente
une diﬀérente signiﬁcative entre ces deux mesures. En revanche, pour le zinc, c'est l'inverse
puisque seule la couche 0  20 ne présente pas de diﬀérence signiﬁcative : les couches 20 
40 et 40  60 cm présentent des concentrations toujours supérieures pour la parcelle ayant
reçue du lisier.
Tableau 6.1  Concentrations en cuivre et en zinc dans les lisiers apportés, les plantes
des deux parcelles et dans les couches de sol de surface de la parcelle lisier par comparaison
avec son fond pédogéochimique ; d'après Legros et al. (2013).
parcelle Cu (mg.kg-1 ) Zn (mg.kg-1 )
lisier (nov. 2006) 402,5 720,5
lisier (juillet 2007) 423 415
plante
parcelle témoin 7 ±1,7 † a 39 ±9,1 †
parcelle lisier 10 ±1,4 ‡ 47 ±13,9†
sol 020 cm
parcelle lisier 75 ±5 † 235 ±12 †
fond pédogéochimique b 71 ±3,7 ‡ 237 ±6,9 †
sol 2040 cm
parcelle lisier 79 ±7 † 238 ±15 †
fond pédogéochimique 75 ±16,9 † 226 ±15.4 ‡
sol 4060 cm
parcelle lisier 76 ±10 † 241 ±14 †
fond pédogéochimique 82 ±35,4 † 224 ±15,7 ‡
aDéviation standard ; les valeurs suivies de signes diﬀérents dans une même colonne, à une profondeur
donnée, sont signiﬁcativement diﬀérentes au seuil de 5 % par le test de Student.
bCalculé pour la parcelle lisier à partir de la méthode typologique (Baize, 1997).
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6.3.3 Conclusions des expérimentations aux échelles de la colonne de sol
et de la parcelle
Les concentrations en cuivre et en zinc mesurées dans le lisier sont élevées du fait de
l'ajout de ces éléments dans l'alimentation des animaux mais elles sont cohérentes avec
d'autres valeurs relevées dans la littérature (Nicholson et al., 1999 ; Sánchez & González,
2005). À l'échelle de la parcelle, les prélèvements par les végétaux de type herbacé sont ici
extrêmement faibles comme cela a été observé par ailleurs pour d'autres plantes (Mantovi
et al., 2003 ; Lipoth & Schoenau, 2007) ; ils correspondent ici à 0,005 kg.ha-1 .
En colonne de sol comme à la parcelle, les concentrations en cuivre et en zinc dans la
solution du sol ne présentent pas de diﬀérence entre les traitements (lisier versus témoin). Ce
résultat est cohérent avec d'autres observations (L'Herroux et al., 1997 ; Egiarte et al., 2006 ;
Chahal & Toor, 2011) pour d'autres types de sols présentant a priori une granulométrie
et une minéralogie moins propice à l'adsorption des etm. De plus, dans les couches 20
 60 cm, l'absence de cuivre pour les deux sols et de zinc pour le nitisol conﬁrme cette
accumulation. Lorsque des bilans massiques ont pu être réalisés, ils montrent également
que tout le cuivre et le zinc se sont accumulés dans la couche de surface 0  20 cm. En
eﬀet, les fortes teneurs naturelles en cuivre et en zinc de ces deux sols résultent de la nature
volcanique de la roche mère (Doelsch et al., 2006) et sont dans des fractions peu mobiles
(Doelsch et al., 2010). De plus, la spéciation du cuivre dans le lisier est essentiellement
sous la forme de Cu2S très peu soluble dans les sols même lorsque le pH est supérieur à
4,5 (Legros et al., 2010).
Tout ces éléments sont concordants dans nos expérimentations aux échelles de la colonne
de sol et de la parcelle excepté pour le zinc qui pourrait s'être accumulé dans les couches
20  60 cm du cambisol andique (échelle de la parcelle). Ce serait un résultat original
puisque dans les sols tempérés (Novak et al., 2004 ; Lipoth & Schoenau, 2007) comme
dans les sols tropicaux (Formentini et al., 2015) le zinc est habituellement accumulé dans
la couche superﬁcielle. Néanmoins, la forte variabilité spatiale mesurée pour cet élément
réduit la robustesse de cette observation qui n'a pas été faite lors des expérimentations à
l'échelle de la colonne de sol alors que les prélèvements en fonction de la profondeur sont
plus nombreux et la variabilité spatiale moindre.
Ainsi, contrairement aux nitrates qui sont rapidement lixiviés ou prélevés par les plantes,
le suivi de la contamination par les etm et l'évaluation des impacts environnementaux doit
se faire à une échelle de temps plus longue et avec des outils diﬀérents. J'ai donc poursuivi
mes travaux avec pour objectif de quantiﬁer l'accumulation des etm dans ces sols sur le
long terme.
6.3.4 Élaboration d'un modèle de prévision de l'accumulation à long
terme des éléments traces métalliques dans les sols
Dans le cadre du projet girovar 11, j'ai utilisé les données précédemment acquises sur
les sols de l'ouest de la Réunion (section 6.2.3, page 71) pour caractériser leur aptitude aux
épandages de pro. La question de la durabilité de cette pratique s'est posée puisque, alors
que les nitrates sont prélevés par les plantes ou lixiviés, les etm sont essentiellement stockés
dans les premiers centimètres des sols de la Réunion étudiés puisque peu prélevés par les
cultures et très peu mobiles. Or, le recyclage des pro en agriculture, principale source de
ces contaminations en etm, reste à ce jour la voie de valorisation la plus intéressante et la
plus faisable en France et à la Réunion notamment du fait des nombreux eﬀets positifs. Les
travaux actuels montrent que l'impact environnemental des etm est faible à court terme
11. girovar est l'acronyme du projet  gestion intégrée des résidus organiques par la valorisation agro-
nomique à la Réunion  coordonné par T. Wassenaar (Cirad) et ﬁnancé dans le cadre de l'appel d'oﬀre
cas-dar 2010.
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mais les prévisions sur le long terme sont encore débattues. Celles-ci s'appuient notamment
sur des modèles empiriques simples faisant des bilans  entrées / sorties  (Franco et al.,
2006). En outre, ces modèles ne sont que très peu validés par des suivis sur le terrain avec
suﬃsamment de recul et particulièrement pour les environnements tropicaux.
C'est dans ce contexte que nous avons élaboré un modèle de prédiction de l'accumulation
des etm dans les sols de l'ouest de la Réunion (Lahbib-Burchard et al., 2012 ; Oustrière
et al., 2013) en nous appuyant sur les données pédologiques les plus récentes (section 6.2.3,
page 71) ; ses principales caractéristiques sont les suivantes :
 les ﬂux d'etm en entrée sont les pro (EPRO), les engrais minéraux (EMIN ) et les
produits phytosanitaires (EPHY ) ;
 les ﬂux d'etm en sortie sont les exportations par les végétaux (SPL) et la lixiviation
(SL) en dessous de l'horizon de surface travaillé du sol.
Ainsi, la concentration en un etm (CETM en mg.kg-1 ) dans l'horizon de surface travaillé
à un temps t (en année ou en nombre de cycles de culture) est :
CETM(t) = CETM(t−1) +
EPRO + EMIN + EPHY − SPL − SL
10 ρP
où ρ est la masse volumique apparente de l'horizon de sol (kg.m-3 ) et P est la profondeur
de l'horizon de surface travaillé du sol (m).
Pour la validation du modèle, nous avons utilisé un essai de terrain mené sur la station du
Cirad des Colimaçons avec les caractéristiques suivantes :
 cinq espèces maraîchères diﬀérentes (chou, laitue, carotte, tomate, haricot) ont été
conduites ;
 en sept ans, quatorze cycles de culture successifs ont été menés ;
 à chaque cycle de culture, trois modalités de fertilisation ont été menées : engrais
minéral, compost de lisier de porcs et compost de fumier de volaille ;
 chaque modalité a été répétée trois fois ; ainsi, le dispositif est composé de 5 × 3 ×
3 = 45 parcelles.
La validation du modèle s'est révélée satisfaisante puisque les apports de compost de lisier
de porc pendant quatorze cycles successifs de cultures ont engendré une augmentation de
48 mg.kg-1 de zinc correctement reproduite (ﬁgure 6.17). De même, les apports d'engrais
minéraux (ne contenant pas de zinc) ont été correctement simulés puisque les concentra-
tions en zinc sont restées stables autour de 245 mg.kg-1 dans le sol. Pour le cuivre, après
les apports de compost de lisier de porc, le modèle a légèrement surestimé les concentra-
tions (22 mg.kg-1 ) alors que les mesures n'ont montré qu'une augmentation de 16 mg.kg-1 .
En revanche, pour les apports d'engrais minéraux, le modèle a correctement reproduit la
stagnation de la concentration du cuivre dans l'horizon de surface du sol.
Les simulations sur le long terme sont le principal intérêt de ce modèle. Aussi, nous avons
simulé l'accumulation des etm dans un type de sols de l'ouest de la Réunion (un cambi-
sol andique des moyennes planèzes ondulées, cf. ﬁgure 6.12) après 100 années d'apports
de trois types de pro. Ceux-ci correspondent à des mélanges des diﬀérentes sources de
matières organiques présentes sur ce territoire :
 pro-1 : broyats de déchets verts, fumier de volailles et lisier de porc ;
 pro-2 : broyats de déchets verts, ﬁentes de volailles et vinasses de distillerie ;
 pro-3 : broyats de déchets verts, boues de step et vinasses de distillerie.
Les trois pro ont montré une accumulation systématique dans les horizons de surface
des sols : 0,15 à 0,25 mg.kg-1 pour le cadmium, 40 à 60 mg.kg-1 pour le cuivre, 30 à 65
mg.kg-1 pour le nickel et 120 à 250 mg.kg-1 pour le zinc. Le pro-1 est celui qui accumule
le plus de cuivre, de zinc et de nickel (ﬁgure 6.18) en raison de sa teneur une fois et demi
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Figure 6.17  Concentrations en zinc mesurées (triangles et ronds) et modélisées (courbes
en trait plein) dans l'horizon de surface de l'essai de terrain après apport de compost
de lisier de porc à gauche (a) et d'engrais minéral à droite (b) pendant quatorze cycles
de culture ; les écart-types sont représentés par les barres d'erreur pour les mesures des
concentrations et par les lignes en pointillée pour les valeurs modélisées.
Figure 6.18  Simulation de l'accumulation de zinc dans les sols des moyennes planèzes
ondulées après apport des pro-1 (carré), pro-2 (croix) ou pro-3 (losanges).
supérieure à celle des pro-2 et pro-3 en ces éléments. Après six années d'épandage du
pro-1 sur ce sol, le seuil ﬁxé par l'arrêté boues de 1998 serait dépassé pour le zinc. En
revanche, sur les sols des hautes planèzes (ﬁgure 6.12) initialement moins riches en zinc,
ce seuil ne serait dépassé qu'après vingt-six années. Pour le cuivre, ce seuil serait franchi
après 91 années mais uniquement sur les sols des moyennes planèzes.
La simplicité de ce modèle permet de réaliser de nombreuses simulations avec des jeux de
données sur les sols, les pro et les cultures assez légers. Toutefois, il n'a été validé que
pour une seule situation agro-pédologique (maraîchage sur cambisol andique). En outre,
du fait qu'il soit empirique, ce modèle ne préjuge pas d'une éventuelle modiﬁcation de la
spéciation des etm qui pourrait modiﬁer la répartition des ﬂux vers les cultures ou par
lixiviation. De même, sur le long terme, l'évolution des propriétés physiques (conductivité
hydraulique, porosité, etc.) ou chimiques (pH, teneurs en matières organiques, etc.) des
sols est susceptible d'engendrer de substantielles modiﬁcations du comportement des etm
(Houot et al., 2009).
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6.3.5 Conclusions sur le suivi et la modélisation des transferts d'élé-
ments traces métalliques aux échelles de la colonne de sol et de la
parcelle
La problématique de la contamination des sols et des végétaux par les etm a débuté
à la Réunion dans les années 2000. Les premiers éléments d'inventaire et d'identiﬁcation
des origines de ces etm dans les sols (Doelsch et al., 2006) ne permettaient pas d'établir
des bilans complets lors du recyclage des pro. Ma contribution principale a donc été de
montrer que les etm apportés par les pro n'étaient pas mobiles dans deux des principaux
types de sol de la Réunion et ce, dans le contexte d'un fond pédogéochimique naturel élevé.
À l'échelle de la colonne de sol, l'absence d'une culture et la modiﬁcation de la structure
du sol modiﬁent les conditions de transfert et de prélèvement des etm tandis qu'à l'échelle
de la parcelle, la précision des mesures des etm et la variabilité spatiale des sols réduit
la robustesse de certaines interprétations. Ces diﬃcultés ont justiﬁé le choix de plusieurs
échelles d'expérimentation pour atteindre des objectifs spéciﬁques diﬀérents.
Quelle que soit l'échelle de travail, dans les deux types de sols choisis, les etm étudiés ne
montrent pas une grande mobilité ; ici le cuivre et le zinc sont principalement détaillés.
Bien qu'attendus au regard des autres études essentiellement en contexte tempéré (Houot
et al., 2014), ces résultats apportent néanmoins pour les sols de la Réunion de nouvelles
connaissances scientiﬁques.
En premier lieu, la répartition précise selon la profondeur (par tranche de 2,5 cm) du cuivre
et du zinc après un ou plusieurs apports de lisier par comparaison avec un témoin, nous
indique que tous les etm apportés par les lisiers sont stockés entre 0 et 5 cm de profondeur.
Seul le cuivre dans le cambisol andique s'accumule un peu plus profondément jusqu'à 15
cm de profondeur.
Deuxièmement, les ﬂux de cuivre et de zinc en solution dans le sol ne sont pas plus impor-
tants après apports de lisier, par comparaison avec un témoin, à la profondeur de 15 cm (en
colonne) ou de 60 cm (in situ). Dans la littérature, les résultats expérimentaux sur les ﬂux
d'etm divergent sensiblement selon la forme sous laquelle les etm sont apportés (Chang
et al., 1984), la nature et les propriétés du sol (McBride, 1989 ; Bradl, 2004), l'intensité
des ﬂux d'eau (Vogeler, 2001 ; Egiarte et al., 2006 ; Chahal & Toor, 2011) démontrant ainsi
la nécessité d'acquérir des informations représentatives des conditions réelles spéciﬁques.
Pour des expérimentations de court terme, si nous envisageons d'étudier la spéciation de
ces métaux en solution dans le sol, nous devons prélever celle-ci dans la couche de surface,
plutôt autour de 10 cm. En revanche, dans l'hypothèse d'un suivi à plus long terme, il est
possible que les ﬂux de cuivre et de zinc soient observables après des apports de lisier à
des profondeurs supérieures ou égales à 20 cm.
Troisièmement, les quantités de cuivre et de zinc prélevées par une plante herbacée fré-
quente à la Réunion sont très faibles. Ces valeurs conﬁrment d'autres résultats (Mantovi
et al., 2003) mais sont plus adaptées au contexte agro-pédologique tropical et volcanique.
En terme de bilan d'exportation, ce compartiment  plante  sera certainement toujours
négligeable à court terme (Chaney, 2012).
Quatrièmement, la modélisation empirique que nous avons calée et utilisée spéciﬁquement
dans notre contexte conﬁrme, pour plusieurs types de sols de la Réunion, l'atteinte des
seuils réglementaires pour plusieurs etm à court terme pour le zinc et à long terme pour
le cuivre et soulève le problème également sous l'angle de la phytotoxité (McBride, 1995).
L'acquisition de données de référence et le suivi sur le long terme des contaminants est
une étape indispensable pour renseigner et utiliser des modèles permettant d'évaluer leur
devenir et de prédire les éventuels risques associés. Je développe certaines perspectives de
recherche dans cette direction.
TROISIÈME PARTIE :
PERSPECTIVES DE RECHERCHE

CHAPITRE 7
À LA RÉUNION ET AU SÉNÉGAL
Mon projet scientiﬁque personnel est à ce jour indissociable de celui de l'unité de
recherche  recyclage et risque  à laquelle je suis rattaché et plus particulièrement à l'axe
 interactions entre pro, eau, sols et plantes . Après mes travaux de recherches menés à
la Réunion, j'ai été aﬀecté au Sénégal en 2011 au sein du laboratoire mixte international
(lmi) ie sol dont la coordination est assurée conjointement par l'ird et l'isra ; l'unité
de recherche  recyclage et risque  est l'une des équipes constituantes de ce lmi. Aussi,
dans la continuité de mes travaux précédemment présentés, mon projet de recherche est
construit en m'appuyant sur deux terrains d'étude en milieu tropical mais présentant des
contextes agro-pédologiques et climatiques très diﬀérents.
Le premier site d'expérimentation est celui de l'île de la Réunion ; il est localisé sur la
station du Cirad à La Mare et fait partie du dispositif soere pro. Ce terrain est celui des
travaux que j'ai présenté sur les nitisols à l'échelle de la colonne de sol essentiellement. Le
second site est localisé au Sénégal sur la station de l'isra à Sangalkam. En eﬀet, dans le
cadre du projet isard 1, notre unité a commencé à travailler dans un contexte foncièrement
diﬀérent de celui de la Réunion : l'intensiﬁcation du maraîchage en milieu périurbain par
l'usage de pro. Depuis mon aﬀectation au Sénégal, je m'approprie et développe ce thème.
Sur chacun de ces deux terrains, mes perspectives de recherche se focalisent sur les impacts
des apports répétés de pro. Sur le site de la Réunion, du fait de la présence de certains
contaminants et de la nature des pro apportés sur la canne à sucre, mes perspectives
se focaliseront plus particulièrement sur la compréhension des déterminants du transfert
des contaminants entre les compartiments eau, sol et plante. En revanche, au Sénégal, les
cultures maraîchères, contrairement à la canne à sucre, sont directement consommées. Il
semble donc plus pertinent de s'intéresser alors aux points suivants :
 la qualité nutritionnelle et l'absence de diﬀérents contaminants (etm, cto) dans les
cultures maraîchères ;
 la sécurisation de cette production par l'étude de la durabilité des pratiques d'inten-
siﬁcation par les pro : quelles sont les pratiques optimales et durables?
 l'acquisition de données de référence sur les grands cycles biogéochimiques de la
matière organique et des éléments majeurs aﬁn de renseigner et d'utiliser des modèles
de simulation.
1. isard est l'acronyme du projet  intensiﬁcation écologique des systèmes de production agricoles par
le recyclage des déchets  ﬁnancé par l'anr (20092012).
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Figure 7.1  Schéma du dispositif expérimental du site du soere pro à la Réunion.
7.1 Le site du Soere Pro à la Réunion
Les soere (systèmes d'observation et d'expérimentation au long terme pour la re-
cherche en environnement) sont des réseaux d'observatoire de l'environnement pour les-
quels AllEnvi 2 est en charge de leur évaluation, leur structuration, leur labellisation et
leur suivi. Le soere pro s'intéresse donc aux impacts environnementaux des produits
résiduaires organiques. Il a été labellisé en 2010 et il regroupe, depuis 2013, quatre sites
lourdement instrumentés : trois sites en France métropolitaine (Feucherolles, Colmar et
Rennes) et le site de la Réunion. Il est coordonné par S. Houot de l'umr ecosys.
7.1.1 Description du dispositif
Le site du soere pro à la Réunion a été mis en place en 2013 au sein de la station
de La Mare (nitisol). La station expérimentale est plantée en canne à sucre, culture semi-
pérenne représentant près de 60 % de la surface agricole utile de la Réunion. Dans notre
essai, la canne à sucre est replantée tous les quatre ans. La température annuelle moyenne
est proche de 25oC et les précipitations annuelles sont d'environ 2000 mm. Diﬀérents pro
d'origine urbaine et agricole sont apportés selon les modalités suivantes :
 ba : apport annuel de boues de step ;
 br : apport en replantation de boues de step ;
 lp : apport annuel de lisier de porc ;
 lv : apport en replantation de litière de volaille ;
 t : témoin fertilisation minérale ;
 sn : sol nu recevant les cinq modalités et une modalité sans apport.
2. AllEnvi est une alliance nationale de recherche pour l'environnement dont l'objectif est de contribuer
à faire de la France l'un des acteurs de référence des sciences et technologies de l'environnement et de
l'alimentation au sein de l'espace européen de la recherche.
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Toutes les modalités avec pro sont complétées aﬁn d'équilibrer les apports des éléments
majeurs (N, P, K, Ca et Mg). Sur près d'un hectare, l'essai est constitué de cinq blocs
identiques (ﬁgure 7.1). Sur le bloc 2, toutes les modalités sont équipées de tensiomètres
et de sondes tdr pour mesurer les ﬂux d'eau en continu sur tout le proﬁl de sol. Les
températures et la conductivité électrique sont également mesurées sur tout le proﬁl de
sol. Les solutés sont prélevés à l'aide de plaques lysimétriques installées à un mètre de
profondeur. Sur les parcelles ba, lp, lv et t, les gaz CO2 et N2O sont mesurés quatre fois
par jour dans des enceintes climatiques dont l'ouverture et la fermeture sont automatisées.
L'enregistrement automatisé des données hydrodynamiques et les instruments d'analyse
des gaz sont centralisés dans un local technique au sein de la parcelle.
7.1.2 Perspectives de recherche
Mes perspectives de recherche dans le contexte de l'île de la Réunion concernent, en
premier lieu, l'évolution de deux types de contaminants (les etm et les composés traces
organiques (cto)) et les grands cycles biogéochimiques, dans un second temps.
Dans mes travaux précédemment présentés, j'ai établi à l'aide des bilans de masse des
etm que sur ce nitisol ces éléments, qu'ils soient apportés par les pro ou déjà présents
dans le sol, étaient essentiellement immobiles et qu'ils s'accumulaient dans les premiers
centimètres en surface du sol. Toutefois, la spéciation des etm peut être diﬀérente pour
chaque etm et pour chaque pro : le cuivre dans les lisiers de porc est essentiellement sous
la forme Cu2S (Legros et al., 2010) alors que pour d'autres pro le cuivre est surtout lié aux
fractions organiques et le zinc essentiellement adsorbé sur les oxydes de fer (Tella et al.,
2016). Cette diversité de la spéciation des etm dans les pro se répercute naturellement
lorsque ceux-ci sont apportés aux sols. Or, suite à l'apport de pro à long terme, l'évolution
de cette spéciation dans les sols reste méconnue (Franco et al., 2006) et répond certaine-
ment à de nombreux paramètres. Formentini et al. (2015) ont montré dans un latosol du
Brésil, aux propriétés assez proche du nitisol, que le cuivre et le zinc migraient jusqu'à 15
cm de profondeur après onze années d'apports de 200 m3 .ha-1 .an-1 de lisiers de porc alors
que ces éléments restaient dans les 5 premiers centimètres du sol pour des apports deux à
quatre fois plus faibles. En outre, à l'aide d'extractions sélectives, ces mêmes auteurs ont
montré que le cuivre était essentiellement lié à la fraction organique alors que le zinc était
distribué entre les fractions organique et adsorbable.
Dans un premier temps, il m'apparait important d'aﬃner nos connaissances sur la spécia-
tion de certains etm dans les pro apportés. La répartition des etm dans les diﬀérentes
fractions des extractions sélectives, par exemple, aussi bien dans les pro que dans les sols
déjà amendés, devraient nous renseigner sur certaines de leurs propriétés à long terme
que nous pourrons confronter régulièrement aux suivis que nous réalisons. Ces techniques
 chimiques  montrent rapidement leurs limites et nécessiteront d'être complétées. La sé-
paration et l'individualisation des phases porteuses des etm par des méthodes physiques
(séparation granulométrique ou densitométrique par exemple), pourrait nous permettre
d'aﬃner ces connaissances.
Dans le cadre du projet Digestate 3, des travaux sont également envisagés pour étudier
l'évolution de la spéciation des etm au cours des processus de transformation des pro
(compostage, digestion anaérobie, etc.). En eﬀet, en amont de l'épandage des pro, la
diversité de la spéciation des etm résulte principalement d'une diversité des modes de
production de ces pro et de leurs évolutions, essentiellement liés aux conditions physico-
chimiques. Il est intéressant de déterminer dans quelles conditions physico-chimiques les
etm acquièrent leurs spéciations et dans quelles conditions hydrodynamiques ils deviennent
3. Digestate est l'acronyme du projet Diagnosis of Waste Treatments for Contaminant Fates in the
Environment  ﬁnancé par l'anr (2016-2019).
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mobiles et migrent dans le sol. Ici, une diﬃculté réside dans le suivi de cette spéciation à
diﬀérents stades de transformation du pro. Un enjeu d'importance sera in ﬁne de com-
prendre comment la spéciation des etm inﬂuence leur mobilité sur le long terme.
Dans un second temps, je m'intéresserais aux divers et nombreux composés traces or-
ganiques (cto). Plusieurs d'entre eux font l'objet de réglementations et sont donc étudié
depuis plus longtemps : les hydrocarbures aromatiques polycycliques (hap), les polychlo-
robiphényles (pcb), les dioxines et les furanes. Les hap, constitués d'au moins deux cycles
aromatiques fusionnés, sont issus des produits pétroliers et résultent notamment d'une
combustion incomplète. Les pcb sont des composés aromatiques organochlorés qui ont été
produits entre 1930 et le début des années 1980 pour leurs qualités d'isolants électriques,
leur stabilité thermique, leur excellente lubriﬁcation et leur résistance au feu. Toutefois, il
existe des centaines d'autres composés qui ne sont pas réglementés mais qui font l'objet
de nombreuses études scientiﬁques. L'intérêt croissant pour les cto résultent des risques
graves pour la santé humaine, avérés ou suspectés, parfois même à de très faibles concen-
trations.
Mon objectif principal sera de suivre l'évolution au cours du temps et les transferts entre les
compartiments de l'écosystème de quelques cto identiﬁés dans les diﬀérents pro appor-
tés. En eﬀet, les études permettant d'établir des bilans des cto restent disparates et sont
confrontées à de nombreuses diﬃcultés. La plupart des cto sont ubiquistes dans les sols
et dans les pro et il peut être diﬃcile d'identiﬁer leurs origines. Par ailleurs, les méthodes
d'analyses sont encore souvent en développement du fait des faibles concentrations des
cto, des méthodes d'extraction encore perfectibles et des eﬀets matriciels. Ces diﬃcultés
analytiques et méthodologiques pourront être partiellement compensées par un suivi sur le
long terme et une répétition dans le temps des analyses de cto dans des parcelles où les
concentrations de base sont connues.
Ma dernière perspective de recherche sur ce site concerne l'acquisition de données de
références sur les grands cycles biogéochimiques de la matière organique et des éléments
majeurs associés aux diﬀérents apports de pro (azote, phosphore, potassium). En eﬀet,
notre dispositif expérimental permet de suivre l'évolution des stocks dans le sol à diﬀérentes
profondeurs, les exportations par les cultures et les pertes par lixiviation. Par ailleurs, la
mise en place des enceintes de mesure des gaz CO2 et N2O ainsi que les mesures ponc-
tuelles de NH3, nous permettra d'évaluer ﬁnement les pertes gazeuses au cours de l'année.
L'utilisation du marquage isotopique de l'azote par enrichissement des paillis, des apports
d'engrais minéraux, etc. sera un outil complémentaire qui nous permettra de déterminer
les contributions respectives des diﬀérents compartiments dans son cycle complexe. Ces
données nous permettraient de renseigner des modèles mécanistes, à l'image du modèle
wave déjà utilisé, aﬁn de simuler les impacts de l'épandage de pro sur le long terme ou
avec des doses d'apport diﬀérentes.
7.2 Perspectives de recherche au Sénégal
7.2.1 Contexte de l'agriculture maraîchère dans la zone périurbaine de
Dakar
L'agriculture urbaine est indispensable pour répondre aux besoins alimentaires de la
population et elle favorise la proximité d'un marché de consommation en ville. Elle contri-
bue essentiellement à l'approvisionnement de denrées alimentaires, à la création d'emplois
et de revenus et à la gestion des déchets organiques. Ce système de production dépend
essentiellement de la disponibilité des terres, de l'eau et des intrants organiques et miné-
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raux. De ce fait, l'urbanisation accélérée et l'accroissement de la population dans certaines
régions en Afrique de l'ouest intensiﬁent considérablement les déﬁs d'une sécurité alimen-
taire. Ces deux facteurs sont aussi associés à la présence importante de diﬀérentes sources
de matières organiques. Ainsi, pour maintenir une production élevée, dans un contexte
d'enchérissement des engrais minéraux, les agriculteurs ont recours fréquemment aux ma-
tières organiques d'origine agricole (lisiers, fumiers, ﬁentes, composts, etc.), urbaine (boues
de station d'épuration, déchets ménagers, etc.) et agro-industrielle (déchets d'abattoirs,
tourteaux, vinasses, etc.), mais sans pouvoir les maîtriser (Coﬁe et al., 2006 ; N'Dienor,
2006 ; Doelsch et al., 2011).
Au Sénégal, les pratiques agricoles autour des villes, particulièrement dans la zone des
Niayes couvrent plus de 80 % de la production horticole nationale avec une large diversité
de cultures maraîchères à haute valeur ajoutée (Fall et al., 2001). La diversité et l'intensiﬁ-
cation des cultures dans la zone des Niayes s'expliquent par l'existence de caractéristiques
pédologiques favorables, assez variées et d'un climat propice. S'y ajoute la présence de
grandes villes (Dakar, Louga, Thiès et Saint-Louis) qui oﬀrent des marchés de proximité
avec un pouvoir d'achat conséquent. Ainsi, la contribution de la région de Dakar est consi-
dérable puisqu'elle abrite 23,2 % de la population nationale. La présence de ce grand centre
de consommation a été un facteur déterminant pour le développement du maraîchage dans
les Niayes puisque la région de Dakar couvrirait plus de 60 % de la consommation de la
ville de Dakar en légumes (Gaye & Niang, 2010).
Deux grands bassins de productions maraîchères sont présents dans cette zone des Niayes,
à proximité de Dakar. Sur le bassin de Pikine, les principales cultures maraîchères sont
respectivement : la laitue, la tomate (Lycopersicon esculentum), l'aubergine et le poivron
(Capsicum annuum L.). Sur le bassin de Ruﬁsque, les principales spéculations sont : le chou
pomme (Brassica oleracea), la carotte (Daucus carota var.), le poivron, la laitue, l'oignon
(Allium cepa) et la tomate. Dans cette zone, la production est essentiellement assurée par
de petites exploitations, souvent familiales (Badiane et al., 2000 ; Fall et al., 2001), soumises
fréquemment à des pressions budgétaires. Ces systèmes de production utilisent générale-
ment des pro pour maintenir la production, seuls ou associés à des engrais minéraux.
Toutefois, le manque de références agronomiques actualisées fait qu'actuellement la maî-
trise de la fertilisation organique des sols cultivés dans les Niayes reste une problématique
(Hodomihou et al., 2016). En eﬀet, les agriculteurs des Niayes se basent jusqu'à présent
sur des connaissances traditionnelles pour fertiliser leurs cultures (Fall et al., 2001). Les
modalités d'apports mal maitrisées de pro et répétées à chaque cycle de culture peuvent
ainsi induire des conséquences environnementales négatives. Par exemple :
 lorsque l'azote est apporté en trop grandes quantités par rapport aux besoins des
cultures, les nappes phréatiques des Niayes peuvent être contaminées (Sall & Van-
clooster, 2009). De même, un mauvais usage des pesticides engendre une contamina-
tion signiﬁcative des nappes phréatiques des Niayes (Ngom et al., 2012) ;
 lorsque les pro sont apportés en trop grandes quantités, Hodomihou et al. (2015)
ont observé une accumulation des etm dans les horizons superﬁciels des deux grands
types de sols de la zone des Niayes ;
 les etm, apportés de manière répétée par certains pro, peuvent avoir aussi une in-
ﬂuence sur les organismes du sol, conduisant à des modiﬁcations de la biodiversité
(Kelly et al., 2003 ; Hinojosa et al., 2010). Mais les pro, par leur apport massif en
matière organique, peuvent également stimuler les populations et la diversité micro-
bienne en fonction de leur composition biochimique. Les communautés microbiennes
du sol sont alors utilisées telles un bioindicateur sensible de l'impact des pratiques.
Ces impacts négatifs sur les sols et les nappes phréatiques, voire les cultures, des Niayes
pourraient ensuite induire une réduction de la productivité des sols à moyen terme et
engendrer l'apparition de symptômes sur les cultures à court terme. En vue de la préser-
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Figure 7.2  Localisation du Sénégal en Afrique de l'ouest (ﬁgure de droite) et de la station
de Sangalkam dans la région de Dakar (ﬁgure de gauche).
vation durable des agrosystèmes, la préoccupation majeure dans cette région devrait être
la compréhension des trajectoires d'évolution des sols amendés par de fortes quantités de
matières organiques et les impacts environnementaux associés. Aussi, dans le cadre de mes
projets de recherche, ma démarche sera :
 de mettre en place et de suivre un site expérimental sur la station de l'Isra de
Sangalkam (ﬁgure 7.2) aﬁn de connaitre précisément les impacts à long terme de
l'épandage des pro sur des cultures maraîchères ;
 de développer des expérimentations connexes sur les mêmes types de sol pour ré-
pondre à des questions plus spéciﬁques.
7.2.2 Description de l'expérimentation pour le suivi à long terme de
l'impact des produits résiduaires organiques
Le climat de la région de Dakar est de type sahélo-soudanien mais fortement inﬂuencé
par l'alizé boréal maritime issu de l'anticyclone des Açores. La pluviométrie moyenne est
comprise entre 450 et 500 mm/an et elle est concentrée au cours de la saison des pluies
allant de juillet à septembre. Elle présente toutefois une forte variabilité interannuelle. La
température moyenne annuelle est de 24,4oC, oscillant de 20,4oC en février à 28,2oC en
septembre. L'évaporation journalière moyenne présente peu de variation à l'échelle annuelle
puisqu'elle est comprise entre 4,6 et 5,8 mm.
Le dispositif expérimental consistera à comparer une fertilisation minérale témoin aux trois
pro suivant :
 une boue de station d'épuration (B);
 une litière de volaille (LV) ;
 un digestat de méthanisation (DM).
La fertilisation minérale témoin correspondra pour chaque spéculation aux recommanda-
tions locales. Les doses de pro seront ajustées à 100 % et 200 % de cette fertilisation
témoin.
Les cultures maraîchères seront conduite à l'identique pour toutes les parcelles et donc
pour toutes les modalités d'apports de pro. Ainsi, plusieurs cultures successives au cours
de l'année seront conduites sur la base de celles observées dans les deux principaux bassins
maraîchers de la zone des Niayes. Les cultures ont été choisies en fonction du calendrier
cultural de la zone, de leur précocité et de leur physionomie. À partir des enquêtes déjà
réalisées et des observations, la rotation sera, dans l'ordre, à partir de la sortie de l'hiver-
nage (octobre ou novembre) : tomate, laitue et carotte.
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Figure 7.3  Schéma du dispositif expérimental sur la station de Sangalkam.
Nous avons subdivisé notre expérimentation en parcelle carrées de 8 mètres de côté sépa-
rées par des allées de 2 mètres de largeur (ﬁgure 7.3). Chaque parcelle est constituée de
six planches de 1 mètre de large et 8 mètres de long (soit 8 m2 ) espacées de 0,4 mètre. Le
dispositif a été randomisé avec trois répétitions par traitement. Ainsi, pour chaque traite-
ment les parcelles ont été numérotées de 1 à 3.
Sur l'une des répétitions de chaque modalité, des tensiomètres et des sondes tdr mesure-
rons les ﬂux d'eau en continu aux profondeurs de 20, 40 et 60 cm. Les températures et la
conductivité électrique sont également mesurées sur tout le proﬁl de sol. Les solutés sont
prélevés à l'aide de plaques lysimétriques installées en deçà de la profondeur racinaire des
diﬀérentes spéculations (40 centimètre de profondeur).
7.2.3 Perspectives de recherche
Sur l'essai de longue durée
Mon premier objectif majeur sera de déterminer et de modéliser la dynamique de la
matière organique et le fonctionnement des cycles biogéochimiques des éléments majeurs
apportés par les pro (azote, phosphore, potassium...). En eﬀet, le dispositif permettra
d'acquérir toutes les composantes de ces ﬂux dans les pro, dans les sols, dans les plantes
et les lixiviats ; seules les émissions gazeuses ne seront pas mesurées in situ. Pour combler ce
dernier manque, celles-ci seront mesurées au laboratoire en conditions contrôlées au sein du
lmi ie sol. En eﬀet, les apports répétés de pro modiﬁent positivement les caractéristiques
structurales du sol (Abiven et al., 2009), améliorent le fonctionnement microbiologique du
sol (Ros et al., 2006) et la fertilité chimique du sol (Diacono & Montemurro, 2010). Tou-
tefois, les données de référence et les travaux dans les contextes semblables au nôtre, ne
sont pas assez nombreuses pour paramétrer et valider des modèles de simulation de ces
grands cycles biogéochimiques et de l'évolution des caractéristiques physiques et physico-
chimiques des sols.
Le second objectif consistera à suivre l'évolution et les transferts des contaminants
(etm et cto) apportés par les pro. Si les travaux de Tella et al. (2013) ont montré que
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certains pro au Sénégal contenaient de fortes teneurs en etm, il n'existe pas de données
actuellement sur les teneurs en cto dans les pro au Sénégal. Dans le cadre du projet mise
en ÷uvre du volet recherche scientiﬁque du programme national de biogaz domestique au
Sénégal , nous avons d'ores-et-déjà prévu d'analyser ces contaminants sur des digestats
de méthanisation. Il sera judicieux d'étendre ces analyses à d'autres pro aﬁn d'établir un
inventaire de la présence de ces contaminants. Par ailleurs, nous suivrons l'évolution et le
devenir des cto présents dans les pro apportés sur l'expérimentation.
Le troisième objectif sera de déterminer si les pro ont un impact sur la qualité nutri-
tionnelle des cultures maraîchères et sur la résistance de ces cultures aux bio-agresseurs et
aux ravageurs. En eﬀet, dans le cadre du projet IntenseMaraichage (2016-2018), ﬁnancé par
le métaprogramme Glofoods, nous prévoyons de réaliser des analyses des micro-nutriments
sur les cultures maraîchères, aﬁn d'identiﬁer d'éventuels déséquilibres en lien avec la fourni-
ture minérale du sol, ainsi que des analyses de la fermeté des parties comestibles. De plus,
les maladies et les attaques sur les cultures seront caractérisées régulièrement par deux
variables : l'incidence (représentant le pourcentage de plantes atteintes dans une parcelle)
et la sévérité (caractérisant la gravité des attaques, calculée à partir des notes de gravité
ou des indices).
Dans la région des Niayes
Bien que les pratiques agricoles soient variées dans la région des Niayes de Dakar, les
apports de pro sur les cultures maraîchères sont systématiques au début de chaque nou-
veau cycle de culture. Ainsi, trois à cinq apports annuels peuvent être réalisés et ce, dans
des proportions peu maitrisées. Le récent diagnostique réalisé par Hodomihou et al. (2016)
a montré qu'après plusieurs décennies, les contaminations de ces sols maraîchers en etm
étaient signiﬁcatives. Or, la sécurisation des productions maraîchères passe indéniablement
par une intensiﬁcation durable de la productivité des sols.
Dans le cadre du projet IntenseMaraichage, mes perspectives de recherche seront de dé-
terminer les critères et le niveau d'intensiﬁcation durable optimal préservant la qualité des
sols et n'impactant pas négativement les autres compartiments de l'écosystème dont les
cultures. Pour cela, j'envisage de tester plusieurs itinéraires techniques avec des doses de
pro variables, voire des mélanges de pro, et de suivre les compartiments potentiellement
impactés à l'échelle ﬁne des processus biogéochimiques.
7.3 Conclusion générale
Après avoir mis en oeuvre des approches multi-échelles pour étudier les transferts de
contaminants majeurs et traces, mes perspectives scientiﬁques se recentrent principalement
vers l'expérimentation à l'échelle de la parcelle. Toutefois, bien que les thématiques de mes
perspectives scientiﬁques soient sensiblement les mêmes sur les deux sites tropicaux que
j'envisage de suivre, les ﬁnalités sont diﬀérentes.
En eﬀet, sur le site de la Réunion, l'enjeu majeur est de comprendre le devenir des conta-
minants traces, particulièrement les cto pour lesquels certaines connaissances sont balbu-
tiantes alors que certains eﬀets toxiques sont reconnus. Les enjeux, en terme de toxicité,
sont donc prégnants notamment concernant les risques de transfert vers l'homme. En re-
vanche, sur le site du Sénégal, les préoccupations sociétales, qui orientent mes perspectives
de recherche, sont plus directes et liées à la qualité sanitaire des productions maraîchères.
Dans tous les cas, l'objectif recherché, sur le long terme, est la préservation durable des
écosystèmes non-renouvelables à l'échelle humaine, principalement le sol et les ressources
en eau.
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In situ Mössbauer spectroscopy: Evidence for green rust (fougerite) in a gleysol and its
mineralogical transformations with time and depth
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Abstract—A miniaturized Mössbauer spectrometer, adapted to the Earth’s conditions from the instrument
developed for Mars space missions, has been used for the first time to study in situ variations with depth and
transformations with time of iron minerals in a gleysol. The instrument is set into a PVC tube and can be
moved up and down precisely (1 mm) at the desired depth. Mössbauer spectra were obtained from 15 to 106
cm depth and repeated exactly at the same point at different times to follow mineralogical transformations with
time. X-ray diffraction (XRD) and selective extraction techniques were performed on soil samples. The
piezometric level of the water table was measured and the composition of the soil solution was monitored in
situ and continuously, with a multiparametric and automatic probe. All the Mössbauer spectra obtained are
characteristic of Fe(II)-Fe(III) green rust–fougerite, a natural mineral of the meixnerite group, that is, whose
structural formula is: [Fe1  xII Mgy FexIII (OH)22y]x[xA, mH2O]x, where x is the ratio Fe3/Fetot. and A the
intercalated anion. The name of fougerite has been formally approved by the Commission on New Minerals
and Mineral Names of IMA (number 2003-057), on January 29, 2004. No other iron phases have been found
by this way or by XRD. About 90% of total iron is extractible by dithionite-citrate-bicarbonate, and 60% by
citratebicarbonate. In the horizons showing oximorphic properties that are in the upper part of the studied soil
profile, x ratio in fougerite, deduced from Mössbauer spectra, is approximately 2/3. In the deepest horizons that
show reductomorphic properties, x ratio is only 1/3. Fast mineralogical transformations were observed at
well-defined points in soil, as evidenced by x ratio variations observed when Mössbauer spectra were acquired
at different times at the same depth. Variations of the level of the water table and of pe and pH of the soil
solution were simultaneously observed and could explain these mineralogical transformations. A ternary solid
solution model previously proposed for OH-fougerite has been extended to chloride, sulphate, and carbonate
green rusts to estimate the Gibbs free energies of formation of fougerite, providing for possible anions other
than OH in the interlayer and for Mg substitution. Soil solutions appear as largely oversaturated with respect
to OH-fougerite, either oversaturated or undersaturated to “carbonate-fougerite” and “sulphate-fougerite”, and
largely undersaturated with respect to “chloro-fougerite”. Fougerite forms most likely from oversaturated
solutions by coprecipitation of Fe3 with Fe2 and Mg2. Oxidation and reduction are driven by pH and pe
variations, with both long timescale variations and short duration events. Exactly as synthetic green rusts are
very reactive compounds in the laboratory, fougerite is thus a very reactive mineral and readily forms,
0016-7037/05 $30.00  .00dissolves, or evolves in soils. Copyright © 2005 Elsevier Ltd1. INTRODUCTION
Iron in soil is one of the five most important chemical elements
in abundance. It plays a major role in biogeochemical cycles as
electron donor and acceptor in oxido-reduction reactions; they are
tthe main source of energy for life. By decreasing order of abun-
dance, iron minerals found in soils are iron oxides, clay minerals,
and less commonly, iron sulfides and carbonates (Stucki, 1988).
Soil genesis and soil properties are influenced by iron in minerals
(Schwertmann, 1988) and in soil solution (Ponnamperuma, 1972).
Indeed, iron oxides can be precipitated by various organisms
(Fischer, 1988; Fredrickson et al., 1998): Fe3 in clay minerals
can be reduced to Fe2 by bacteria (Stucki et al., 1987; Kostka
et al., 1996) and iron in solution can be complexed by organic
ligands (Stevenson, 1994; Stumm and Morgan, 1996; Zsolnay,
1996).* Author to whom correspondence should be addressed
(frederic.feder@cirad.fr).
4463Iron minerals occur mainly as fine particles that develop a
large surface area and closely associate to other colloidal par-
ticles (De Boodt et al., 1991; Jolivet, 1994). Due to the low
solubility of Fe3 minerals, iron in soil is essentially mobile in
solution as Fe2. Iron distribution in soil landscape is the
consequence of oxido-reduction processes (Van Breemen,
1988; Stumm and Sulzberger, 1992) that influence soil colour.
Generally, white (albic) horizons are characteristic of the ab-
sence of iron oxides. In well drained soils, hematite gives a red
colour, goethite a yellow colour, and ferrihydrite a brown
colour (Cornell and Schwertmann, 2003). But in hydromorphic
soils, while lepidocrocite gives an orange colour, green and
blue colours have been ascribed to mixed Fe2 and Fe3
hydroxides known as green rusts (GRs; FAO, 1998; Taylor,
1980). Similar in structure to pyroaurite, they consist of posi-
tively charged brucitelike layers, alternating with interlayer
anions and water molecules (Allmann, 1968).Many physical and chemical techniques have been used to
4464 F. Feder et al.study iron oxides, such as X-ray diffraction (XRD), electron
microscopy, Mössbauer (Murad, 1988; Murad and Cashion,
2004), Raman or, extended X-ray absorption fine structure
(EXAFS), spectroscopy, thermal analysis, and selective extrac-
tion (Mehra and Jackson, 1960; Borggaard, 1988). Mössbauer
spectroscopy has emerged as a key tool to study precipitations,
transformations, substitutions, reactivities, etc. of iron minerals
(Schwertmann and Cornell, 1991), with a detection limit of
about one percent (absolute; Murad, 1988), and to define the
conditions of synthesis of green rusts (Drissi et al., 1995;
Hansen and Koch, 1995).
It has been shown that several iron phases, especially green
rusts and ferrous clay minerals, are very reactive because iron
can be oxidized or reduced in their structures. However, their
lability makes the study difficult, and special care must be
taken, both in the field and in the laboratory, for the conserva-
tion of these minerals (Badaut et al., 1985; Trolard et al., 1996).
Green rusts thus readily oxidize when in contact with air and
have been shown to be precursors of goethite and lepidocrocite
(Refait and Génin, 1993; Schwertmann and Fechter 1994).
The first studies realised at Fougères (Brittany, France) in a
gleysol under forest have shown, by Raman and Mössbauer
spectroscopies and kinetic selective extraction, that the major
iron mineral is a green rust (Trolard et al., 1996; Trolard et al.,
1997) now known as fougerite, named for the city of Fougères.
The name of fougerite has been formally approved by the
Commission on New Minerals and Mineral Names of IMA
(number 2003-057), on January 29, 2004.
As synthetic green rust, fougerite contains both Fe(II) and
Fe(III), and the Mössbauer spectra show two or three doublets,
each doublet being characterized by two hyperfine parameters.
Well-crystallized, Al-free goethite and hematite show sextets,
but soil goethite and hematite are frequently small-sized and
Al-substituted, and the room temperature (RT) spectra consist
of a doublet (Cornell and Schwertmann, 2003); lepidocrocite is
paramagnetic at RT and its spectrum shows a doublet. The
distinction between fougerite, lepidocrocite, and paramagnetic
goethite or hematite in soils requires the consideration of the
different values of the hyperfine parameters at field tempera-
ture, and the spectra obtained at low temperatures in the labo-
ratory.
A recent EXAFS study at the Fe-K absorption edge (Refait et
al., 2001) has confirmed that fougerite is very similar to syn-
thetic layered double hydroxysalt green rusts unambiguously
identified by XRD and Mössbauer spectroscopy and led to the
cell parameters and the space group of the mineral. However, a
partial substitution of Fe2 by Mg2 was found, leading to the
following general formula for fougerite: [Fe1xII Mgy
FexIII(OH)22y]x [xA, mH2O]x.
Though Mössbauer spectroscopy is not an absolute method,
the relative proportions of Fe(II) and Fe(III) can be quantita-
tively determined, and the mole ratio x can be directly derived
from the spectra, independently of the magnesium content.
In the same site, variations of x were observed with depth
(Abdelmoula et al., 1998): 0.44 at 20 cm, 0.40 at 40 cm, 0.36
at 60 cm, in addition, some lepidocrocite was observed at the
lowest depth. Fougerite has been proposed to control iron in
soil solutions (Bourrié et al., 1999). As green rusts are very
reactive, x could seasonally vary due to fluctuations in the watertable. Such variations cannot be demonstrated by destructive
techniques, and must be measured in situ.
In order to monitor in situ transformations of iron minerals in
soils, a miniaturized Mössbauer spectrometer (MIMOS), de-
signed for Mars missions with NASA and European Space
Agency supports (Klingelhöfer et al., 1996), was adapted to
Earth conditions (Klingelhöfer et al., 1999) and installed in the
field. The miniaturized Mössbauer spectrometer works in back-
scattering geometry so that no soil preparation is necessary and
no matrix effect perturbs the measurement as opposed to clas-
sical transmission Mössbauer spectroscopy. It can be deployed
at different depths in a PVC tube, and used to characterize iron
minerals in situ and follow their transformations in soils. The
aim of the present paper is thus to present the first results
obtained on iron dynamics and the first evidence for in situ
variations of the molar x ratio, Fe3/Fetot. in soils with time and
space, under natural conditions.
2. MÖSSBAUER PARAMETERS OF FOUGERITE AND
FERRIC OXIDES
From the Mössbauer spectra, information about iron valence
(Fe2 or Fe3) and crystallographic environment (tetrahedal or
octahedral coordinations) can be gained with the different
hyperfine parameters that are a fingerprint of iron minerals
(Cornell and Schwertmann, 2003; Murad and Cashion, 2004).
In the following, we are only concerned with doublets, which
are characterized by their isomer shift  and their quadrupole
splitting EQ.
The isomer shift  is measured with respect to a -Fe foil
reference and is determined by the electron density at the
nucleus. Thus,  reflects specifically the oxidation states: Fe2
or Fe3. The quadrupole splitting EQ originates from nonuni-
form charge density and electric field gradient interactions with
the iron nucleus. EQ is influenced by crystallinity, specifically
by site distortion (Cornell and Schwertmann, 2003).
Synthetic purely Fe(II)-Fe(III) green rusts show two main
doublets at 78 K by classical transmission Mössbauer spectros-
copy: D1 (  1.27 mm s1 and EQ  2.87–2.92 mm s1),
and D3 (  0.47–0.48 mm s1 and EQ  0.38–0.43 mm
s1). D1 is ascribed to Fe2 and D3 to Fe3. A slightly better
fit is sometimes obtained by considering a second ferrous
doublet D2 (  1.27–1.28 mm s1 and EQ  2.55–2.69 mm
s1). This occurs when the structure is GR1, that is, when
interlayered anions are spherical or planar (carbonate, chloride,
oxalate) and the space group is R3m (Drissi et al., 1994; Refait
et al., 1998a; Refait et al., 1998b). Conversely, in GR2, when
interlayered anions are tetrahedral and the space group is P3m1
(Simon et al., 2003), the consideration of ferrous doublet D2 is
not necessary. Refait et al. (1998b) assign the D1 doublet to
Fe(II) in the octahedral sites of the brucitelike sheets of GRs, as
its hyperfine parameters are close to those of Fe(OH)2, and the
D2 doublet to Fe(II) atoms situated close to the anions.
The first spectrum of fougerite was originally obtained in
Fougères by classical transmission Mössbauer spectroscopy, at
77 to 78 K, the sample being taken at 20 cm depth (Trolard et
al., 1996; Trolard et al., 1997). The total concentration of Fe in
the sample is only about 4% Fe2O3. The spectrum could be
fitted with only two doublets: D1 (  1.25 mm s1, E Q
2.87 mm s1), D3 (  0.45 mm s1, EQ  0.54 mm s1).
4465Green rust (Fougerite) transformation with time and depthThree other samples were later taken in the same site at differ-
ent depths (20, 40, 60 cm). No sextet was observed in any case.
The spectra could be fitted with only two doublets D1 ( 1.25
mm s1 and EQ  2.81; 2.81, and 2.88 mm s1) and D3
(  0.43; 0.44, and 0.45 mm s1 and EQ  0.72; 0.61, and
0.58 mm s1), by order of increasing depths (Abdelmoula et
al., 1998). Siderite FeCO3 and vivianite Fe3(PO4)2.8H2O are
not present as they give rise to a magnetically split sextet or a
ferrous doublet with a large EQ  3.12 mm s1 at 78 K,
respectively (Génin et al., 1998). A distinct ferric doublet D=3
(  0.53 mm s1 and EQ  0.55 mm s1) observed in the
deeper level (60 cm) was ascribed to lepidocrocite. This latter
sample was yellowish, whereas the other three samples showed
the typical greenish blue colour of gleys. The positions of D1
and D3 doublets were thus very close to the values obtained for
synthetic green rusts, and conform with the observation by
Murad and Taylor (1986) that Fe2 in synthetic green rusts has
a very constant, oxidation-insensitive EQ  2.8 mm s1.
These observations, in addition to Raman spectra, demon-
strated the existence of GR as a natural mineral, fougerite.
More recently (Refait et al., 2001), another sample was taken
in the same profile at 90 cm depth. Transmission Mössbauer
spectroscopy was performed at 78 K, along with X-ray absorp-
tion spectroscopy. By comparison with synthetic Mg-Fe(II)-
Fe(III) pyroaurites, four doublets were fitted: D1 ( 1.27 mm
s1, EQ 2.86 mm s1), D2 ( 1.27 mm s1, EQ 2.48
mm s1), D3 (  0.46 mm s1, EQ  0.48 mm s1) and D4
(  0.46 mm s1, EQ  0.97 mm s1). It can be seen that
D1, D2, and D3 are identical within experimental error to the
values quoted above at the same temperature. Doublet D4 was
added for a slightly better refinement. The experimental error
was estimated at 0.2 mm s1 by analyzing three samples of
the same product.
The presence of a ferrous doublet clearly separates GRs and
fougerite from paramagnetic Fe(III) oxides. The parameters of
the ferric doublet for paramagnetic Fe(III) oxides at RT for
goethite (  0.37 mm s1, EQ  0.48 mm s1), hematite (
 0.37 mm s1, EQ  0.46 mm s1) and lepidocrocite ( 
0.37 mm s1 and EQ  0.53 mm s1), from Cornell and
Schwertmann (2003) are recalled here for comparison with the
values obtained at field temperature. The distinction between
fougerite and Fe-bearing clay minerals is more difficult and
discussed below.
Though Mössbauer spectroscopy is not truly an absolute
method, the ratios between Fe(II) and Fe(III) can be derived
from the relative areas of the peaks obtained by deconvolution
of the spectra. The x mole ratio of Fe(III) in the mineral can
thus be obtained directly as x  RA(D3) or x  RA(D3) 
RA(D4), while total Fe in the sample is readily obtained by
chemical analysis. The goodness of fit, as estimated from the
difference between the experimental spectrum and the theoret-
ical one in the last spectrum of fougerite was within 0.2%
(absolute), that is, the relative area of Fe(III) (D3 D4) was 34
 0.2% of total Fe (Refait et al., 2001). With the notation in
mole ratio, this gives x  0.34  0.002.
3. MATERIALS AND METHODS
3.1. Sampling Site
2The sampling site is located in the domanial forest (15 km ) of
Fougères in Brittany, France (48°25=N, 1°10=W). Climatic conditionsare oceanic (Fig. 1). Oak and especially beech are dominant with holly,
fern, nettle, and bramble. The altitude is 180 m above sea level at the
bottom of a hill cut by many thalwegs into small watersheds, about
800 m long. The site is located near a spring area upslope about 200 m
from the top of the hill. The soils are developed on saprolite (several
meters deep) derived from a cordieritic granodiorite. This saprolite is
covered by two silty layers, a lower one is a saprolite covered by
Weichselian loess (Van Vliet-Lanoë et al., 1995) as evidenced by the
discontinuities of the grain size distribution near 30 and 70 cm (Table
1). The clay fraction has a maximum near 70 cm at the top of granitic
saprolite.
The profile chosen is situated in a soil catena of cambisols upslope
and gleysols downslope (FAO, 1998). Soil physicochemical data are
given in Table 1. The soil where the instruments were placed is a
gleysol and the different horizons observed are (Fig. 2) (1) 0 to 15 cm:
black organo-mineral horizon without oxido-reduction phenomens and
with a diffuse transition; (2) 15 to 50 cm: silty with oximorphic
properties, that is, grey colours in cores with some bleaching along
roots and numerous oxido-reduction mottles (specifically 5 Y 6/4 and
2.5 Y 5/6, moist according to Munsell’s chart). The water table is most
frequently in this horizon (Fig. 3); (3) 50 to 80 cm: silty with reduc-
tomorphic properties, that is, homogeneous blue (5 BG 6/1), almost
permanently waterlogged (10 months/year), without roots. No oxido-
reduction mottles. Texture changes progressively from 60 cm to 80 cm;
(4) 80 to 120 cm: granitic saprolite with reductomorphic properties, that
is, permanently waterlogged.
3.2. Soil Analyses
Fresh soil samples were kept under anoxic conditions in a sealed
container in the dark to avoid both oxidation and photoreduction. All
measurements were performed immediately after sampling. X-ray dif-
fraction patterns were obtained with a Siemens D 500 diffractometer
(40 kV, 20 mA) using Co-K1 radiation and a graphite monochroma-
tor. The clay fraction (2 m) was analysed after Mg, K, and ethylene
glycol saturations and heating to 623, 723, and 823 K (Robert, 1975).
These treatments were performed in the glove box under anoxic
conditions, to prevent any modification of clay behaviour by interaction
with Fe(III) oxides. Samples were extracted by citrate-bicarbonate (CB;
Trolard et al., 1993; Troland et al., 1995) and dithionite- citrate-
bicarbonate (DCB; Mehra and Jackson, 1960) to quantify iron oxides.
Structural iron in phyllosilicate minerals is not extractible by these
reagents (Mitchell et al., 1971). DCB extracts all non-silicated Fe
oxides, as it combines reduction by dithionite and complexation by
citrate at pH buffered by bicarbonate. Natural and synthetic green rusts
are dissolved by CB within a few hours, while the other iron oxides are
not dissolved (Trolard et al., 1996).
The CB reagent is obtained by dissolving 9.82 g NaHCO3 and 78.43
g Na3C6H5O7,2 H2O in 1 L H2O. Extractions were performed at room
temperature in a glove box under nitrogen atmosphere, according to the
following procedure: 0.5 g of soil sample from a sealed container is
mixed with 50 mL of reagent. For the DCB extraction, add 1 g of
Na2S2O4 to 0.5 g of soil sample and 50 mL of CB reagent. To ensure
that the dissolution is quasi-complete, the whole kinetic curve was
acquired by sampling after 1, 6, 48, 168, 336, and 504 h (Trolard et al.,
1995). The samples were shaken three times a day. Analyses of Fe, Mg,
Si, and Al were performed by inductively coupled plasma-atomic
emission spectrometry (ICP-AES), relative precision ranged from 2 to
5%.
3.3. In Situ Measurements and Instrumentations
3.3.1. In situ Mössbauer spectrometry
As any Mössbauer spectrometer dedicated to Fe, the instrument
consists of a source of 14.4 keV  ray source, a drive generating by
Doppler-effect a variation of the incident wavelength, and detectors.
Thus, Mössbauer spectra are presented with the velocity of the source
in mm s1 in abscissa and the number of  rays re-emitted by the
sample in ordinate, but it operates in backscattering geometry and not
in transmission. Klingelhöfer et al. (1996, 1998) have demonstrated
experimentally that standard transmission and the backscattering data
obtained with MIMOS give the same results within experimental error.
4466 F. Feder et al.Fig. 1. Localization of sampling site.
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4467Green rust (Fougerite) transformation with time and depthThe instrument was designed for Mars missions, which require a
high-detection efficiency. Backscattering geometry is not influenced by
the thickness of the sample. The main disadvantage is the secondary
radiation caused by primary 122 keV radiation, for which an effective
shielding of the detectors has been designed. Si-PIN diodes are used as
detectors, with efficiencies nearly 100% and 65% for 6.4 and 14.4 keV
radiations, respectively.
The spectra are fitted to Lorentzian curves. A set of free parameters
are then adjusted in such a way that a goodness-of-fit criterion, the
minimal 2, is optimized. The free parameters are those which are only
mutually bounded via the 2 minimization procedure. These parameters
are the isomer shift , the quadrupole splitting EQ, the half-widths at
Table 1. Chemical analyses of some major elements obtained by ICP
pH, and grain size distribution for the different depths.
Depth/cm
Si
mmol kg1
Al
mmol kg1
Fe
mmol kg1 mmo
0–20 13897 824 209 62
20–30 13697 838 174 44
30–40 13747 819 253 13
40–60 13464 894 302 5
60–70 13381 1027 346 4
70–80 12033 1456 468 3
80–90 10585 1648 604 5
90–100 11268 1726 642 3
Granodiorite 11155 2983 684
CF  clay fraction (2 m); FS  fine silt (2–20 m); CS  coaFig. 2. Soil profile and devices for in situ monitoring: Mhalf maximum, and the height of the peaks, constrained to be equal for
both lines of the doublet. Quality of spectra depends essentially on iron
concentration in the samples and the time of acquisition. The relative
abundance of components is obtained by integration of the correspond-
ing areas.
The reproducibility of the curve fitting was checked by repeating the
data treatment 10 times. The standard deviation obtained on the sum of
relative areas of ferric doublets was obtained as 0.01 mole ratio (1%
absolute). This is five times larger than the value obtained at 78 K and
discussed above (0.2% absolute), and as can be expected, the signal/
noise ratio is better at lower temperature. Of course, this paper does not
intend to suggest that in situ Mössbauer spectroscopy could substitute
recision ranged from 2% to 5%) in mmol kg1 of the bulk soil sample,
pHwater pHKCl
CF
g kg1
ES
g kg1
CS
g kg1
S
g kg1
4.46 3.69 76 364.7 450.9 108.4
4.08 3.54 96.5 305.9 452.8 144.7
4.55 3.75 109.6 262 536.5 91.9
4.85 3.82 157.3 240.6 525 77.1
4.85 3.75 167.8 206.3 453 172.9
4.21 3.42 119.5 185.3 278.9 416.3
5.18 4.03 118.8 197.4 150.1 533.7
4.85 3.72 98.6 182.8 131.4 587.3
(20–50 m); and S  sand (50–2000 m).-AES (p
C
l kg1
27
20
73
82
57
16
66
58össbauer spectrometer and multiparametric probe.
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the laboratory. Once a site is characterized by classical transmission
Mössbauer spectroscopy, and spectra are obtained at low temperatures
to identify unambiguously the minerals present; in situ Mössbauer
spectroscopy, as a nondestructive technique, can be fruitfully used to
monitor Fe transformations directly in the field.
Total mass of the MIMOS is less than 400 g, and the power
consumption of approximately 2 W is supplied by a battery, which
provides power for 10 days. The spectrometer is fixed on an 18 cm
diameter platform inside a PVC tube (Fig. 2). It is mobile with depth
with the help of a threaded rod (1.75 mm per turn). The depth accuracy
Fig. 3. Piezometric watertable level, daily precipitation and pH and
pe automatically measured in the site at 70 cm depth.is about 1.0 mm. The tube is watertight and five large windows are
drilled vertically. The instrument is placed in front of a window toacquire a spectrum. The investigation depth of the incident  ray
radiations is approximately 0.5 mm, and the circular field of view is 2
cm diameter. A good physical contact between the soil and the win-
dows was observed and velocity noise was not noticeable. Temperature
was measured, and annual variations observed range from 279 to 288
K (283 5 K). A series of twenty reference positions was defined from
the surface to 106 cm depth: 106 cm, 103 cm, 100 cm, 98 cm, 87 cm,
83 cm, 78 cm, 48 cm, etc. During six months, the spectrometer was
moved between all these positions; two or three days are sufficient to
acquire a good quality spectrum; 46 spectra were acquired in the
field.
3.3.2. In situ measurements of pH and pe
A multiparametric probe designed for oceanic measurements in
seawater by Meerestechnik Electronik was adapted to monitor in situ
changes of physical and chemical parameters in soil solution (Feder et
al., 1998). No battery changes or sensor maintenance were required for
several weeks. The probe was put into another PVC tube 80 cm
length and 12 cm diameter (Fig. 2), 1 m away from the Mössbauer
spectrometer. The lower portion and three large windows in the front
remained open to ease the entry and the circulation of soil water in the
cell of the pipe where the measurements were performed, first at 40 cm
in the groundwater level fluctuation zone in spring 1998, and then at 70
cm depth in the permanently waterlogged horizons, from autumn 1998
to spring 2000. To avoid the penetration of particles, the cell was
wrapped in a synthetic and inert cloth. Precaution was taken to avoid
preferential outflow along the tube and to isolate thoroughly the mea-
surement cell from the atmosphere. The instrument was completed with
external tubings to precisely sample the soil solution in the cell, free
from contact with atmospheric oxygen; pH, oxido-reduction potential,
dissolved oxygen, electric conductivity, and temperature are measured
hourly and directly, and continuously stored in the internal memory of
the probe.
The oxido-reduction potential is measured with a platinum electrode
against a standard Ag/AgCl electrode and is converted to the normal
hydrogen scale (NHE) with temperature correction. The oxido-reduc-
tion potential measured in the soil solution by the probe is converted
into pe, according to: pe 
FENHE
ln10 RT
, where T is the absolute temper-
ature, F  96485.309 C mol1 and R  8.31451 J mol1 K1.
3.3.3. Soil solution analyses and equilibrium calculations
After filtration at 0.45 m, dissolved iron of soil solution samples is
analyzed immediately in situ by colorimetry at 660 nm after di-2-
pyridyl ketone benzoylhydrazone (DPKBH) complexation (Suarez Iha
et al., 1994; Bourrié et al., 1999) with a portable spectrometer Hach
DR/2010.
DPKBH is specific of aqueous total Fe(II), does not complex Fe(III),
and is not influenced by the presence of “colloidal” particles. Major
cations in soil solution are analyzed by ICP- AES, anions by ion
chromatography (DIONEX Isocratic) and alkalinity by acidimetry with
Gran-method for detection of the endpoint. As previously (Bourrié et
al., 1999), the activity of Fe2 is derived from total Fe(II), providing
for the different ion pairs formed by Fe(II) with Cl, OH, and SO42,
and the activity of Fe3 is derived from the activity of Fe2 and pe.
This method prevents the overestimation of the activity of Fe2, as total
Fe measured by physical techniques always includes colloidal particles
that are neither quantitatively separated by ultrafiltration nor by dialy-
sis. Activity coefficients are computed with the Debye-Hückel ex-
tended equation with provision for ion-pair formation using EQUIL(T)
code (Bourrié et al., 1999), from which activities of free elements are
derived. All equilibrium reactions are written with pe, pH, and the
activity of Fe2 as master variables.
In addition, the water table level is followed with a piezometer. It
was observed that the water table level stays generally at40 cm depth
during winter and moves down to 80 cm during the driest summers
(Fig. 3).
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4.1. XRD and Selective Dissolutions
Concentration of total iron in soil increases with depth, from
20 to 100 cm (Table 1), from 174 to 642 mmol kg1, respec-
tively, (i.e., 1–3.6%), but no iron minerals have been deter-
mined by X-ray diffraction, either on silty or on clay fraction.
Primary minerals recognized are: quartz, micaceous illites,
plagioclase feldspars, and K-feldspars. Secondary minerals are:
kaolinite, vermiculite, and interstratified minerals. At ambient
temperature and 623, 723, and 823 K, magnesium, potassium,
or ethylene glycol saturation did not reveal any swelling char-
acteristic of smectite. We can thus conclude that smectite is
absent. But in the saprolite, at 110 cm, a mineral behaving as a
hydroxy-aluminous vermiculite (VH-Al) is identified: after K-
saturation, it shows a peak at 14.2 Å, which after heating to 823
K, shifts only to 12.3 Å. Instead, in the topsoil at 20 cm, a
true-vermiculite peak is observed that shifts to 10 Å.
Iron phases extracted by dithionite-citrate-bicarbonate
(DCB) in oximorphic silty (15–50 cm) and in reductomorphic
silty (50–80 cm) horizons (Fig. 2) amount to 86 to 95% of total
iron, respectively, while iron phases extracted by citrate-bicar-
bonate (CB) amount to 60 to 70% of total iron. The maximum
content of silicated iron is thus 10% of total iron (4%), that is,
Fig. 4. Backscattered Mössbauer spectrum measured in
K, and the hyperfine interaction parameters are reported0.4%. As an average, in bulk samples, iron oxides amount to90% of total iron, and 2/3 of those iron oxides consist of labile
iron oxide such as fougerite (Trolard et al., 1996).
4.2. Fougerite Identification
All spectra show the presence of Fe2 in the structure, and
except for two, needed to be fitted with three doublets (e.g., Fig.
4, 5, and Table 2). The D1 doublets observed here ( 
1.03–1.07 mm s1, EQ  2.60–2.74 mm s1), and the D2
doublets observed here (  0.6–1.0 mm s1, EQ  2.2–2.7
mm s1) can be compared with the data obtained by Refait et
al. (1998a) on GR1(Cl): Da (  1.22 mm s1, EQ  2.34
mm s1), Db (  1.11 mm s1, EQ  2.02 mm s1).
The D3 doublets observed here (  0.21–0.32 mm s1,
EQ  0.65–0.80 mm s1) are clearly different from the
values, at RT, of all purely ferric oxides, goethite, lepidocro-
cite, and hematite, at RT: ( 0.37 mm s1, EQ 0.48–0.53
mm s1). The D3 doublets observed here are closer to the two
ferric doublets observed at RT by Refait et al. (1994) in
synthetic Ni(II)-Fe(III) GR1 compounds, where only ferric
doublets were present and which were isomorphic to GR1: Dc
( 0.336 mm s1, EQ 0.445 mm s1) and Dd ( 0.352
mm s1, EQ  0.861 mm s1). The values of EQ observed
here are in between the values for Dc and Dd. The D3 doublet
observed at RT for synthetic GR1(Cl) (Refait et al., 1998a) is:
106 cm depth in the soil. The field temperature is 283
e 2.D3 (  0.35 mm s1, EQ  0.58 mm s1).
situ at
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4470 F. Feder et al.Most of the spectra were acquired during late autumn, win-
ter, and early spring, and ferric oxides were not present, which
is identical to what was observed by Abdelmoula et al. (1998)
by classical transmission Mössbauer spectroscopy at 78K, but
different from what was observed at 60 cm, where lepidocrocite
was present in addition to fougerite, in the respective propor-
tions 30% lepidocrocite to 70% fougerite (with x  0.36). We
can thus conclude that the contribution of Fe(III) oxides during
these periods is small and that Fe(III) is mainly present in the
structure of the fougerite mineral. There exist clearly both
striking similarities and nonnegligible differences in the values
of the hyperfine parameters for ferrous doublets, especially for
D2, as the smaller the relative area, the larger the uncertainty.
This suggests that the fougerite structure is not exactly the same
as that of the synthetic purely Fe(II)-Fe(III) GR1(Cl), probably
due to the presence of Mg, which modifies site distortion.
The distinction between fougerite and a mixed Fe(II)-Fe(III)
clay mineral is more difficult, as the octahedral layer of clay
minerals is close to the brucitic layer of green rusts, from which
it differs by the bonding to tetrahedral layers. However, by
plotting  vs. EQ, for D1 and D3, fougerite and iron silicates
(data from the literature) do not show both the same hyperfine
parameters (Fig. 6). This difference can be ascribed to the
difference of the b parameters between fougerite and the octa-
Fig. 5. Backscattered Mössbauer spectrum measured in
and the hyperfine interaction parameters are reported in Thedral layer of a 2/1 clay mineral, due to the distortion oftetrahedral layer necessary to accommodate the differences of
the cell parameters of tetrahedral and octahedral layers, and to
the difference of chemical composition: in the octahedral layers
of clay minerals, Fe, if present, is largely minor with respect to
Al in this milieu. Moreover, no tetrahedral Fe was observed in
Mössbauer spectra. The spectra could be fitted with the three
doublets of green rusts, while the presence of other doublets
would have significantly enlarged the peaks. As in our samples,
silicated Fe amounts to less than 10% total Fe, and clay
minerals present are mainly aluminous minerals such as hy-
droxy-aluminous vermiculite and kaolinite. It can thus be con-
cluded that the contribution of silicated Fe, if any, can be
neglected.
All the spectra are not exactly of the same quality, but the
precision obtained on the x ratio can be estimated as 0.01.
The quality is thus similar in situ to that of spectra acquired in
the laboratory by classical transmission Mössbauer spectros-
copy on the same sample (Génin et al., 1998).
4.3. In situ Mineralogical Transformations of Fougerite
At 12 depths, especially near the surface, the spectra did not
allow interpretation because the total concentration of iron on
the analyzed point was too small (less than 1%). This soil
98 cm depth in the soil. The field temperature is 283 K,profile (described previously) showed a heterogeneous distri-
14471Green rust (Fougerite) transformation with time and depthbution of the total iron between 0 and 50 cm depth, character-
istic of the gleysol (oxido-reduction mottles, discolorations
along roots). The 12 depths at which the absence of any
doublets on the spectra demonstrate absence of iron phases
were evenly distributed beetween 0 and 50 cm depth. The
spatial resolution of the Mössbauer instrument is thus small
enough to probe soil heterogeneity.
At 8 depths, spectra showed clear evidence of the presence of
fougerite; 34 spectra were acquired at these 8 depths, that is,
several spectra at the same point. The variation between 48 and
106 cm depth of the x ratio is large, from 0.34 to 0.64 (Table
2), and much larger than the estimation error on x (0.01,
about half the size of the symbol in Fig. 7). The general
tendency observed is consistent with field observations: x is
minimum in the deeper reductomorphic horizons, and maxi-
mum in the upper oximorphic horizons (Table 2). This is
consistent too with the previous observations (Abdelmoula et
al., 1998) made with destructive sampling and classical trans-
mission Mössbauer spectroscopy at 78 K. For example, at 106
cm depth, x is equal to 0.36, close to x  1/3 for which the
corresponding abridged chemical formula for green rust (omit-
ting Mg, not detected by Mössbauer spectroscopy) is: FeII FeIII
Table 2. Hyperfine interaction parameters of in situ Mössbauer spect
(cf. Figs. 4 and 5);  is the isomer shift (in mm s1) with respect to a
relative area of the components (in %); x  Fe3/Fetot. is equal to the
Depth cm
D1
 EQ RA 
100 1.054 2.705 38.6 0.77
100 1.061 2.695 44.0 0.77
87 1.042 2.650 45.1 0.82
48 1.046 2.633 33.3 –
100 1.045 2.677 45.1 0.75
100 1.033 2.767 43.3 0.93
87 1.000 2.600 20.7 0.86
78 1.080 2.650 31.5 0.75
83 1.069 2.700 27.2 0.60
98 1.055 2.741 44.6 0.90
106 1.055 2.696 61.6 0.79
103 1.058 2.702 55.9 0.79
98 1.048 2.711 47.6 0.83
48 1.080 2.660 27.9 0.79
78 1.073 2.684 39.0 –
83 1.034 2.717 40.1 0.62
87 1.047 2.707 28.2 0.77
98 1.044 2.712 48.2 0.82
100 1.050 2.706 51.4 0.86
103 1.054 2.687 60.4 0.70
106 1.057 2.705 56.5 0.73
103 1.052 2.714 52.9 0.85
100 1.066 2.718 48.0 0.89
98 1.055 2.728 50.3 0.84
106 1.059 2.722 53.9 0.89
103 1.041 2.716 53.6 0.78
100 1.048 2.707 56.2 0.81
98 1.051 2.724 47.5 0.86
100 1.056 2.699 48.1 0.76
103 1.051 2.695 47.7 0.77
106 1.070 2.672 60.8 0.76
103 1.080 2.716 47.7 0.80
100 1.059 2.723 40.4 0.85
48 1.030 2.730 29.5 1.002
(OH)7. At 48 cm depth, x ratio is 0.62, close to x  2/3, forwhich the abridged chemical formula for green rust is: FeII Fe2III
(OH)8 (cf. for the incorporation of Mg in the mineral).
The variation of x ratio observed is large and monotonous
between these limits. At 2 depths (78 and 98 cm), variations of
the x ratio are not larger than twice the estimation error (
0.01). In these horizons, x ratio can be considered as constant
during the experimental period. In contrast, sharp variations in
x ratio are observed with time at 48, 83, 87, 100, 103, and 106
cm in soil (Fig. 7): for example at 100 cm depth, x ratio is
initially equal to 0.39 and then increases to 0.48 one week later,
suggesting that the Fe3/Fetot. ratio of the mineral can change
quickly, that is, in a few days, in soil.
A special phenomenon is observed at 78 cm depth: the first
recorded spectrum does not show any iron minerals (see arrow
on Fig. 7), but one month later a significant signal appears,
suggesting that fougerite has precipitated meanwhile. The soil
may contain aqueous Fe2, but aqueous Fe does not contribute
to the Mössbauer signal. We will discuss this point later.
4.4. Soil Solution Composition
The range of soil solution variation of pe and pH is plotted
ned at 283 K at different depths. D1, D2 and D3 are the three doublets
oil reference; EQ is the quadrupole splitting (in mm s1); RA is the
e area of D3 doublets (see Fig. 7); the estimation error on x is 0.01.
D2 D3
EQ RA  EQ RA
2.700 16.3 0.230 0.773 45.1
2.412 13.1 0.276 0.665 42.9
2.470 3.2 0.257 0.682 51.8
– 0.0 0.220 0.763 66.7
2.400 12.5 0.284 0.686 42.5
2.250 12.7 0.248 0.728 44.1
2.220 29.8 0.240 0.650 49.5
2.470 9.7 0.300 0.749 58.9
2.700 23.6 0.300 0.700 49.3
2.430 9.8 0.286 0.648 45.6
2.462 3.2 0.275 0.656 35.3
2.412 5.3 0.251 0.720 38.8
2.392 5.3 0.239 0.679 47.1
2.297 8.1 0.240 0.700 64.0
– 0.0 0.270 0.750 61.0
2.475 7.4 0.319 0.689 52.5
2.397 22.2 0.273 0.619 49.6
2.300 5.2 0.241 0.713 46.7
2.296 4.4 0.264 0.697 44.2
2.196 3.3 0.252 0.732 36.3
2.314 6.0 0.277 0.604 37.5
2.363 4.3 0.269 0.803 42.7
2.668 8.0 0.215 0.651 44.0
2.362 4.6 0.245 0.723 45.1
2.548 9.1 0.268 0.664 37.0
2.191 5.4 0.250 0.723 41.0
2.300 4.5 0.256 0.731 39.3
2.399 5.3 0.254 0.679 47.2
2.205 4.0 0.281 0.721 48.0
2.384 8.9 0.253 0.716 43.5
2.588 4.5 0.212 0.677 34.7
2.631 8.8 0.213 0.692 43.6
2.616 18.7 0.282 0.667 41.0
2.470 9.8 0.251 0.700 60.7ra obtai
-Fe f
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4472 F. Feder et al.Fig. 6. Hyperfine interaction parameters at 283 K of (a) ferric doublet and (b) ferrous doublet. Closed squares refer to data
for iron silicates taken from the literature; open circles refer to data from Fougères (this study).
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4473Green rust (Fougerite) transformation with time and depthdue to the installation of the probe, with air entry; then pH
stabilized to about 6.2 and pe to about 3. Then, in winter
1998–1999, short duration events superimposed to large sea-
sonal variations. Considering the latter first pH fluctuated be-
tween 6 and 8.2, pe between 4.7 and 3.5, and pe  pH
between 2 and 6.2. Most frequent values were close to pe pH
 2.5 to 4.5. During intense storm events and especially after
long dry periods, sharp changes were observed in a few hours:
pH  1, Eh  0.1 V, that is, pe  2 (Feder et al., 1998).
Dissolved oxygen was generally not detectable except during
these short duration events in which as large values as Eh 0.2
V (pe  3.4) are recorded.
In summer 1999, the level of the water table lowered to
deeper than 70 cm, until no sample could be obtained; pH
decreased to an average value of 6.5, with sharp variations pH
 0.5; Eh increased to the completely oxidized value (Eh 
0.55 V, pe  9.3).
From autumn 1999 to spring 2000, the level of the water
table increased, pH increased to as large as pH  8.2, and Eh
decreased to about0.25 V (pe4.2). Short duration events
were much less frequent than in the previous year. It must be
added that after the big storm in December 1999, all the trees
fell, so that there was no biological uptake in spring 2000 by
Fig. 7. Variations of x Fe3/Fetot. with time at differen
equal to 1/3 and to 2/3 with corresponding abridged chemic
of green rusts Mössbauer spectrum at this time (see text)
symbol.trees. According to FAO (1998), gleyic properties appear whenrH  19, where rH is defined by rH  2 (pe  pH), or
equivalently pe  pH  9.5. Our results show that pe  pH
ranges from 2 to 6.2. The system remains in moderately reduc-
ing conditions, though significant and fast variations are ob-
served with time. This is in agreement with the gleyic proper-
ties observed.
4.5. Check of Fougerite/Soil Solution Equilibria
All the x ratios observed in the field range between 1/3 and
2/3. No values have been found out of these limits. This is
consistent with the earlier field results and the previous-
structural formulae proposed (Bourrié et al., 1999). As all
synthetic green rusts were binary Fe(II)-Fe(III) compounds,
fougerite was considered as a binary solid solution (Génin et
al., 2001).
The exact nature of the interlayer compensating anion
cannot be determined by Mössbauer spectroscopy, and the
mineral cannot be separated from the surrounding minerals
as it is labite. Synthetic green rusts can accommodate a
variety of anions such as carbonate, chloride, oxalate,
selenate, sulphite, sulphate, etc. As in Fougères, the milieu is
acidic and solutions were largely undersaturated with re-
s. The short dashed and dotted lines correspond to x ratios
ula. The arrow in the 78 cm diagram indicates the absence
stimation error on x is 0.01, about half the size of thet depth
al formspect to carbonate, chloride, and sulphate green rusts; it was
4474 F. Feder et al.simply assumed that the compensating anion is OH (Tro-
lard et al., 1997; Génin et al., 1998). The discussion of
equilibria between soil solutions and the mineral in different
sites led us to propose tentative values for the Gibbs free
energies of formation of GR1(OH) for x  1/3 (i.e.,
Fe3(OH)7), x  1/2 (i.e., “Fe2(OH)5”) and x  2/3 (i.e.,
“Fe3(OH)8”) (Bourrié et al., 1999). Quotes indicate that the
mineral cannot exist as such.
However, X-ray absorption spectroscopy showed that mag-
nesium is present in the solid in addition to Fe (Refait et al.,
2001), so that the possible influence of magnesium concentra-
tion on equilibria, along with the presence of other anions, must
be assessed.
4.5.1. Ternary solid solution model for OH fougerite
Assuming first that OH is the interlayer compensating
anion, fougerite is thus a ternary solid solution in the system
Fe(OH)2-Fe(OH)3-Mg(OH)2. The general structural formula
for the mineral must then be modified as: [Fe(1  x)II FexIII MgyII
(OH)2  2y]x [x OH·mH2O]x, with m  1  x  y, or as a
function of the mole fractions of the three components
Fe(OH)2, Fe(OH)3, and Mg(OH)2, such that:
X1
1 x
1	 y
, X2
x
1	 y
, X3
y
1	 y
(1)
A model of regular nonideal solid solution was developed,
assuming the substitution of Fe2 by Mg2 is ideal, and
examining the structural and geochemical constraints that limit
the extension of the solid solution (Bourrié et al., 2004).
The basic equations of the model are:
11
0	 RT ln X1 A12X22, (2)
22
0	 RT ln X2 A12(1 X2)2, (3)
33
0	 RT ln X3 A12X22, (4)
 X11	 X22	 X33 (5)
X110	 X220	 X330	 RT[X1 ln X1	 X2 ln X2	 X3 ln X3]
	 A12X2(1 X2). (6)
When no Mg is present in the mineral, X3  0, and Eqn. 6
simplifies to:
 X110	 X120	 RT[X1 ln X1	 X2 ln X2]	 A12X2(1 X2),
(7)
or equivalently, from Eqn. 1 with y  0:
 (1 x)10	 x20	 RT[(1 x) ln (1 x)	 x ln x]
	 A12x(1 x). (8)
The Gibbs free energy of formation of Fe(OH)2 is 10 
489.8 kJ mol1 (Bourrié et al., 1999). There are two un-
knowns in the right member of Eqn. 8: 20 for Fe(OH)3, which
is a virtual endmember, and the parameter of nonideality of the
solid solution, A .12
A close examination of the structural and geochemical con-straints in this system led to the following conclusions (Bourrié
et al., 2004):
1. Each Fe3 ion must be surrounded by six divalent cations,
either Fe2 or Mg2, so that the mole fraction of ferric
hydroxide in the solid solution, X2 obeys to: X2  1/3;
2. As Fe(OH)2 and Mg(OH)2 are very soluble, the mole frac-
tion X2 must not be too small; experimentally, green rusts
form from X2 
 1/4; the domain of existence of fougerite is
thus limited to the narrow range: 1/4  X2  1/3 or X2 
7/24  1/24.
As the range of variation of x is restricted to the narrow range
[7/24  1/24], it was assumed that  is minimum in this range,
so that its derivative is zero.
By taking the derivative with respect to x, one obtains
(Prigogine and Defay (1946)):

x
21 (9)
which leads to:
12 (10)
Now, from the definition of , one has:
 (1 x)1	 x2, (11)
so eventually, at the minimum, one has:
12, (12)
whose physical meaning is that the chemical potential of the
solid solution is minimum when the contributions of the end-
members are identical.
Bourrié et al. (2004) have shown that the experimental Gibbs
free energies of formation of synthetic green rusts, without Mg,
and Fe(OH)2 are linearly related to the electronegativities of the
anions by the empirical law:
76.887 491.5206, r2 0.9985, N 4, (13)
where  is the electronegativity of the unhydrated anion, cal-
culated from the model of partial charges developed by Jolivet
(1994), such that:

ii∗	 1.36Z
i
1
i∗
(14)
where i* are the electronegativities of the elements taken on
the Allred and Rochow scale and Z is the electric charge of the
molecule or ion. The electronegativities of the anions are: Xi 
0.54 for Cl, 1.60 for OH, 1.86 for SO42, and 2.0 for CO32.
From Eqn. 13, with   1.60 for OH, one obtains:   1
 2  614.5 kJ mol1 for fougerite normalized to 1 atom
Fe per mole formula, and with OH as interlayered anion. By
successively substituting these values in the basic equations for
each endmember, Eqns. 2 and 3, with 10489.8 kJ mol1,
X  1  x  1  7/24  17/24 and X  x  7/24, one1 2
obtains the two unknown parameters: 20119.18 kJ mol1
4475Green rust (Fougerite) transformation with time and depthfor Fe(OH)3 (virtual), and A12  1456.28 kJ mol1 (nonide-
ality parameter), at 298.15 K, 1 bar.
The ternary solid solution model for fougerite is now com-
pleted with the value for the pure Mg(OH)2 endmember, for
which we take the value for brucite. The value from Bratsch
(1989) is 30  833.67 kJ mol1, from E0  2.690 V for
the redox couple Mg(OH)2,c/Mgc,OH. However, the value
proposed by Harvie et al. (1984) is different (log Ksp 17.1 for
the solubility of Mg(OH)2,cr.). This latter value was recently
confirmed by Altmeier et al. (2003), who retain 17.1  0.2.
This leads to 30  832.16 kJ mol1, consistent with
fG0(Mg2, aq.)  454.8 kJ mol1 and fG0(H2O, 1.) 
237.18 kJ mol1. The parameters of the model are given in
Table 3 at 298.15 K, 1 bar.
4.5.2. Ternary solid solution model for Cl, CO32, and
SO42 green rusts
The same method can be used to obtain the thermodynamic
parameters when the compensating anion is not OH. The
(virtual) ferric endmembers are now [Fe(OH)2][A], where A
 Cl, 1/2 SO42, 1/2 CO32, or HCO3.
With   0.54 for Cl, and x  7/24 for GR1(Cl), Eqn. 13
gives calc.  2132 kJ mol1 against exp.  2145  7 kJ
mol1. The value normalized to 1 atom Fe per mole formula is
then:   1  2  533 kJ mol1 for GR1(Cl) [Fe3/4II Fe1/4III
(OH)2]1/4[1/4 Cl]1/4. By substituting the value of  as above
in Eqns. 2 and 3, one obtains: A12498.24 kJ mol1 and 20
 280.00 kJ mol1. With   1.66 for SO42, the values
obtained are A12  1691.27 kJ mol1 and 20  217.10 kJ
mol1.
The value used here for GR1(CO3) is indeed relative to a
mixture of CO32 and HCO3 in the interlayer (Bourrié et al.,
2004), so that the average value is   2.33. As the proportion
of carbonate and hydrogen-carbonate in the interlayer may vary
as a function of pH in the milieu, this introduces an uncertainty.
The values obtained are A  2116.06 kJ mol1 and 0 
Table 3. Basic equation and parameters of the regular ternary solid
bar.
E
  X110  X220  X330  RT[X1 ln X
Thermody
Name of pole Mole formu
Pole 1: ferrous hydroxide Fe(OH)2
Pole 2: Cl-fougerite [Fe(OH)2][Cl]
Pole 2: OH-fougerite [Fe(OH)2][OH] (virtual)
Pole 2: SO4-fougerite [Fe(OH)2][1/2SO4] (virt
Pole 2: CO3-fougerite [Fe(OH)2][2/3HCO3 · 1/
Pole 3: Brucite Mg(OH)2
 at minimum (x  7/24) and
Anion (x  7/24) kJ mol
Cl 533.04
OH 614.54
SO42 634.53
CO32/HCO3 670.6712 2
394.09 kJ mol1 (Table 3).The values of A12 are all negative, which ensures that green
rusts will not demix at any temperature, as the second deriva-
tive of  with respect to x is given by:
2
x2
2A12	
RT
x(1 x) . (15)
This derivative is then always positive.
However, whereas 20 is positive for pure endmembers with
OH, SO42 and CO32, which means that these endmembers
are virtual, it is negative for CI, which means that this
endmember could a priori exist. Solving the equation 20  0
for  gives   1.2835. For anions such that   1.2835, the
pure endmember might exist. However, in the case of GR1 (Cl)
it was observed that the compound decomposes into “hydrated
magnetite” when x 
 1/3 (Refait and Génin, 1993).
From Eqn. 8,  can be computed for x  1/4, and x  1/3.
The values are identical as the equation is symmetrical around
x  7/24 and are reported in Table 3. The ranges of variation
of  are very narrow and within 1 to 4 kJ mol1, that is, within
0.2 to 0.55%.
As previously, the ternary model is completed with the value
for Mg(OH)2, and full Eqn. 6 can be used to compute the Gibbs
free energies of formation of any Fe(II)-Fe(III)-Mg(II)-A
green rust. No attempt is made here to mix anions in the
interlayer.
4.5.3. Check of equilibria
By definition, the mole ratio x is related to the mole fractions
of endmembers in the solid by:
x
X2
X1	 X2
. (16)
From the value of x and with either X2  1/4 or X2  1/3, X1
is obtained, and X3  1  (X1  X2), so that the composition
of fougerite is obtained from in situ Mössbauer measurements
models for Fe(II)-Fe(III)-Mg(II) green rust, fougerite, at 298.15 K, 1
ln X2  X3lnX3]  A12X2(1  X2) Eq. 6
arameters
 kJ mol1 A12 kJ mol1
489.8 -
280.00 498.24
119.18 1456.28
217.10 1691.27
(virtual) 394.09 2116.06
832.16
mits, for fougerite without Mg
(x  1/4 or 1/3) kJ mol1  %
532.16 0.16
612.00 0.41
631.58 0.46
666.98 0.55solution
quation
1  X2
namic p
la
ual)
6CO3]
at the li
1and our solid solution model.
ucture.
the field
4476 F. Feder et al.The values obtained are plotted in the ternary diagram (Fig.
8) for the two limits of X2. Values of x larger than 1/3 are not
possible in a purely ferric minerals and correspond to fougerite
richer in Mg.
Fig. 8. Diagram for the ternary system Fe(OH)2 - Fe(O
and the allowed domains constrained by the green rust str
of green rust. For each Mössbauer spectrum acquired in
Table 4. Equilibrium reactions for fo
Mole formula of fougerite F1
[1/6 FeII (OH)2 · 1/4 FeIII(OH)2 · 7/12 Mg(OH)2]1/4
Reaction with A  Cl
F1  1/4 e  2H ^ 5/12 Fe2  7/12 Mg2  1/4 Cl 
Equilibrium equation
5/12log(Fe2)  7/12log(Mg2)  1/4log(Cl)  2log aw 
Reaction with A  OH
F1  1/4 e  9/4H ^ 5/12 Fe2  7/12 Mg2  9/4H2O
Equilibrium equation
5/12log(Fe2)  7/12log(Mg2)  9/4logaw  1/4pe  9/4pH
Reaction with A  1/2SO42
F1  1/4 e  2H ^ 5/12 Fe2  7/12 Mg2  1/8 SO42
Equilibrium equation
5/12log(Fe2)  7/12log(Mg2)  1/8log(SO42)  2log aw 
Reaction with A  2/3HCO3 · 1/6CO32
F1  1/4 e  49/24H ^ 5/12 Fe2  7/12 Mg2  5/24
Equilibrium equation
5/12log(Fe2)  7/12log(Mg2)  5/24log(HCO3)  2log aw  1/4At the depth where soil solutions were sampled, x is quasi-constant
around 0.6. This implies that magnesium is present in the mineral.
From this value of x, and in the range of variation admitted for
X2, two limits of the composition of the layer are obtained:
g(OH)2. The solid line is the limit between the excluded
The dashed line is the limit of the incipient precipitation
, we drew a circle on both solid and dashed lines.
F1 with different interlayer anions.
]1/4 X2  1/4
  732.86 kJ mol1
RG0  28.10 kJ mol1
2pH log K  13.68
  812.70 kJ mol1
RG0  24.74 kJ mol1
log K  4.33
  832.28 kJ mol1
O RG0  38.91 kJ mol1
 2pH log K  6.82
  867.68 kJ mol1
 2H2O RG0  32.71 kJ mol1H)3 - Mugerite
[1/4 A
2H2O
1/4pe 
 2H2
1/4pe
HCO3pe  49/24pH log K  5.73
w  1/
4477Green rust (Fougerite) transformation with time and depth1. x  0.6 and X2  1/4 give X1  1/6 and X3  7/12, that is,
the formula: 16FeIIOH2·14FeIIIOH2· 712MgOH2
	
1
4
14A

1
4
, hereafter designated as F1;
2. x  0.6 and X2  1/3 give X1  2/9 and X3  4/9, that is,
the formula: 29FeIIOH2·13FeIIIOH2·49MgOH2
	
1
3
13A

1
3
, hereafter designated as F2.
From the solid solution model generalized to different an-
ions, the chemical potentials of F1 and F2 are computed, hence
the rG0 and the log K for the equilibrium reactions (cf. Tables
4 and 5). As the extent of variation of  for a given interlayer
anion is very narrow (less than 0.6%), equilibria are written in
the classical way for constant composition minerals, as previ-
ously (Bourrié et al., 2004). It is here extended to other anions
than OH.
The set of soil solutions sampled in Fougères during 16
months is used to check the equilibria (Table 6; Fig. 9). The soil
solution is always undersaturated when chloride is the inter-
layer anion, and always oversaturated when the anion is OH.
With the carbonate or the sulfate anion, depending on X2 value
and date, the solutions are either undersaturated or oversatu-
rated. For all species, the lowest values of log IAP  log K
occur between 7/15/1999 and 10/15/1999.
If one compares those results with the preceding results
obtained in the same milieu, not considering magnesium incor-
poration in the mineral, it appears that the presence of magne-
sium stabilizes fougerite. This is logical, as Mg dilutes Fe
atoms and cannot undergo oxidation. The solid solution model
shows that this effect increases when the electronegativity of
the interlayer anion increases. In addition to being more stable
from a thermodynamic point of view, Mg-fougerite should be
less labile from a kinetic point of view, due to the smaller
number of neighbouring Fe atoms, likely to oxidize and desta-
Table 5. Equilibrium reactions for fo
Mole formula of fougerite F2
[2/9FeII(OH)2 · 1/3 FeIII (OH)2 · 4/9 Mg(OH)2]1/3
Reaction with A  Cl
F2  1/3 e  2H ^ 5/9 Fe2  4/9 Mg2  1/3 Cl 
Equilibrium equation
5/9log(Fe2)  4/9log(Mg2)  1/3log(Cl)  2log aw  1/
Reaction with A  OH
F2  1/3 e  7/3H ^ 5/9 Fe2  4/9 Mg2  7/3H2O
Equilibrium equation
5/9 log(Fe2)  4/9log(Mg2)  7/3log aw  1/3pe  7/3pH
Reaction with A  1/2SO42
F2  1/3 e  2H ^ 5/9 Fe2  4/9 Mg2  1/6 SO42 
Equilibrium equation
5/9 log(Fe2)  4/9log(Mg2)  1/6log(SO42)  2logaw  1
Reaction with A  2/3HCO3 · 1/6CO32
F2  1/3 e  37/18H ^ 5/9 Fe2  4/9 Mg2  5/18 HC
Equilibrium equation
5/9 log(Fe2)  4/9 log(Mg2)  5/18 log(HCO3)  2 log abilize the lattice by an oxolation process.4.6. Interactions Between Fougerite and Soil Solution
The preceding results can now be used to draw the conse-
quences of the observed variations of x or of its constancy on
the chemical composition of soil solution. Variations of x can
occur (1) at a constant number of moles of fougerite, that is, by
reducing or oxidizing Fe in the mineral. In this case, the total
number of moles of Fe and Mg in the solid does not change,
hence, there is no exchange of Fe or Mg with the soil solution,
and the elementary reaction can be simply written as the
oxidation of a unit-cell of Fe(OH)2: Fe(OH)2 · H2O ^
Fe(OH)3  H  e, which would lead at equilibrium to: pe
 pH  constant; and (2) with precipitation or dissolution of
fougerite, at equilibrium or not, thus with exchange of Fe and
Mg between the solid phase and the soil solution. Conversely,
x constancy does not imply there is no precipitation or disso-
lution of fougerite, but simply that fougerite precipitates or
dissolves as if it were a mineral of fixed composition. In this
case, pe pH is not constant (see equations in Tables 4 and 5).
This can be discussed considering the (pe, pH) diagram (Fig.
10). It appears that the first hypothesis can be ruled out, as pe
 pH is not constant, (slope 1 corresponds to dotted lines),
that is, there is no complete buffering of pH by pe variations.
Instead, the system shifts rapidly from a state of strong reduc-
ing conditions (domain III, according to Sposito (1981); Fig.
10) to oxidizing conditions (domain I) during short duration
events, then back to domain III. In this domain, SO42 is the
stable species, though in extreme cases, sulfides were mea-
sured. The solid line corresponds, according to Sposito (1981),
to the critical pe value under which the activity of Feaq.2 begins
to be significantly different from zero (by convention 107).
Hence, points situated above the line Fe3(OH)7/Fe2 represent
solutions for which the variety of fougerite without magnesium
is stable. The majority of points lie in the field of stability of
Fe3(OH)7 and some in the field of stability of goethite or
lepidocrocite.
Variations of x ratio with time and depth can be driven by the
fluctuations of the groundwater level and by the variations of
F2 with different interlayer anions.
]1/3 X2  1/3
  685.38 kJ mol1
RG0  85.77 kJ mol1
pH log K  15.06
  765.22 kJ mol1
RG0  41.44 kJ mol1
log K  7.26
  784.80 kJ mol1
RG0  66.86 kJ mol1
2pH log K  11.71
  820.20 kJ mol1
2H2O RG0  70.39 kJ mol1
3pe  37/18pH log K  12.33ugerite
[1/3A
2H2O
3pe  2
2H2O
/3pe 
O3 the groundwater chemistry as influenced by rain events. We
4478 F. Feder et al.Table 6. Temperature, pH, pe, and log activities of free ions in soil solutions from Fougères.
Date t °C pH pe log (Fe2) log (Mg2) log (SO42) log (Cl) log (HCO3)
February 19, 1999 280.15 7.30 3.171 3.2192 3.6820 5.5277 2.8378 7.0999
February 22, 1999 280.75 7.24 3.162 3.2669 3.7055 5.5877 3.0034 7.0258
February 26, 1999 280.75 7.12 3.298 3.1798 3.7981 5.6337 2.8791 7.6193
March 1, 1999 280.75 7.11 3.297 3.3108 3.8118 5.4779 3.0405 7.0451
March 5, 1999 281.15 7.15 3.049 3.4950 3.8474 5.4371 2.9296 7.1276
March 8, 1999 280.65 7.52 2.975 3.4050 3.9167 5.4466 3.0480 7.1543
March 11, 1999 280.75 7.16 3.162 3.4033 3.8488 5.4008 3.0308 7.6677
March 16, 1999 281.45 7.19 3.037 3.3255 3.8661 5.5452 2.9134 7.3488
March 19, 1999 281.55 7.15 3.054 3.3688 3.8448 5.5225 3.0575 6.6982
March 26, 1999 281.65 7.12 3.140 3.3212 3.8141 5.4839 2.9894 –
March 29, 1999 281.85 7.10 3.193 3.3636 3.8877 5.4423 3.0376 6.9003
March 31, 1999 281.85 7.08 3.227 3.5740 3.9257 5.2808 3.0280 7.5714
April 6, 1999 282.75 7.11 3.205 3.4210 3.8750 5.4234 3.0500 7.3829
April 14, 1999 282.65 7.10 3.069 3.3455 3.8794 5.5113 3.0415 7.5040
April 22, 1999 282.25 7.07 2.911 3.3949 3.8852 5.3691 2.9550 7.4500
April 26, 1999 282.45 7.11 2.948 3.5895 3.9202 5.2860 3.0283 7.4200
April 30, 1999 283.05 7.31 3.311 3.4456 3.9432 5.3962 3.0354 7.3498
May 6, 1999 284.05 7.24 3.339 3.4326 4.2152 5.3409 2.9963 –
May 12, 1999 284.35 7.08 3.225 3.5259 3.9408 5.3429 3.0788 7.4536
May 19, 1999 284.15 7.24 3.206 3.4911 3.9631 5.3903 3.0882 7.1667
May 26, 1999 284.45 7.37 3.108 3.5162 3.9127 5.3526 3.0052 –
June 2, 1999 285.55 7.37 3.072 3.5067 3.9095 5.4288 2.974 7.0954
June 9, 1999 285.35 7.40 3.103 3.4819 4.0459 5.3721 2.9849 6.6539
June 14, 1999 285.25 7.41 3.152 3.5040 4.1734 5.4057 3.0059 6.7293
June 18, 1999 285.65 7.36 3.124 3.5290 3.8986 5.4292 3.0034 6.6525
June 21, 1999 285.85 7.28 3.076 3.5506 3.9309 5.3836 3.0878 6.4321
June 28, 1999 286.05 7.31 3.112 3.5700 3.9202 5.4200 3.0639 6.7291
July 1, 1999 286.15 7.24 3.147 3.4891 3.9258 5.4235 3.0778 6.5986
July 5, 1999 286.65 7.19 3.153 3.5945 3.9605 5.4248 3.0869 6.8323
July 8, 1999 286.75 7.18 3.188 3.576 3.9579 5.4439 3.0961 6.9605
July 13, 1999 287.25 7.19 3.262 3.6222 3.9249 5.4844 3.1008 6.6544
July 19, 1999 287.35 6.85 3.280 3.6148 3.9439 5.5041 3.0539 6.7084
July 27, 1999 287.75 6.49 3.489 3.5465 3.9449 5.6702 3.0518 6.6491
August 16, 1999 287.75 6.42 3.489 3.7836 4.0035 5.4525 3.0753 6.7750
August 20, 1999 287.45 6.40 3.468 3.5966 4.0463 5.4010 3.0485 6.7935
August 23, 1999 287.65 6.42 3.471 3.6374 4.0463 5.3436 3.0808 7.0247
August 27, 1999 288.05 6.45 3.475 3.7095 4.0562 5.6275 3.0924 6.9099
September 20, 1999 287.35 6.28 0.508 4.7590 4.2918 5.7412 3.2604 7.0741
September 21, 1999 287.35 6.30 0.255 4.6622 4.2920 5.7417 3.2722 6.7113
September 22, 1999 287.25 6.40 0.203 5.2148 4.2621 5.7407 3.2748 6.6123
September 24, 1999 287.25 6.40 1.437 4.4113 4.2361 5.6022 3.1719 6.7129
September 27, 1999 287.35 6.37 2.976 3.9306 4.2303 5.5354 3.2688 7.3376
October 8, 1999 286.05 6.68 4.600 3.6381 4.0630 5.2515 3.1908 6.5760
October 11, 1999 286.05 6.96 4.498 3.6099 4.0562 5.0545 3.2018 6.6188
October 15, 1999 285.95 7.32 4.700 3.6958 4.0325 5.0884 3.1921 6.6339
October 22, 1999 285.35 7.35 4.269 3.6936 4.0210 5.1681 3.1900 6.5649
October 29, 1999 285.35 7.36 3.864 3.5836 4.0095 5.1282 3.1761 6.4220
November 4, 1999 285.35 7.40 3.915 3.5536 4.0016 5.1934 3.1375 6.5210
November 10, 1999 284.55 7.60 3.921 3.5867 3.9871 5.2073 3.1187 6.3368
November 15, 1999 283.85 7.68 4.098 3.6275 3.9739 5.1370 3.1088 6.3312
November 21, 1999 282.85 7.74 4.170 3.6114 3.9589 5.3432 3.1040 6.4132
November 30, 1999 282.65 7.85 4.133 3.6294 3.9305 5.3540 3.0773 6.4160
December 6, 1999 282.65 7.87 4.083 3.5890 3.9465 5.2840 3.0664 6.5791
December 15, 1999 282.15 7.90 4.093 3.5524 3.9384 5.1327 3.0593 6.4334
December 23, 1999 281.25 7.94 4.047 3.6430 3.9465 5.2110 3.0682 6.5725
January 7, 2000 281.35 8.07 3.999 3.7465 3.9647 4.9614 3.1280 6.5083
January 19, 2000 279.75 8.01 3.893 3.8189 4.0815 5.3508 3.1664 6.4385
February 2, 2000 279.45 8.17 4.042 3.8464 4.0153 5.2541 3.1595 6.4016
February 9, 2000 280.15 8.14 4.017 3.8270 4.0813 5.1909 3.1812 6.3609
February 15, 2000 280.35 8.16 4.036 3.8840 4.1167 5.1671 3.1961 6.4925
March 31, 2000 281.65 8.02 4.154 3.7619 4.0837 5.6413 3.2256 6.4042
April 4, 2000 281.55 7.90 4.069 3.6635 4.0947 5.3645 3.2171 6.4128
April 6, 2000 281.45 7.87 3.915 3.7811 4.0651 5.0595 3.2465 6.4380
April 14, 2000 281.45 7.91 3.898 3.7022 4.1409 5.1375 3.2378 6.4503
April 20, 2000 281.75 7.95 3.868 3.8145 4.1375 5.1887 3.2456 6.3915
May 9, 2000 284.95 8.03 4.264 3.7276 4.0840 5.4451 3.2386 6.5704
May 22, 2000 286.05 7.92 4.144 3.7362 4.1214 5.3934 3.2533 6.4522
June 5, 2000 286.45 7.90 4.199 3.8221 4.1383 5.4449 3.2375 6.5481
aturatio
 0.
4479Green rust (Fougerite) transformation with time and depthwill first address large timescale variations, then short duration
events.
4.6.1. Large timescale variations
During the seasons that Mössbauer spectra were acquired,
the water table fluctuated from 25 to 40 cm depth. Thus, all
points observed by Mössbauer spectroscopy are situated in the
permanently waterlogged horizons. The seasonal decrease of
the water table (Fig. 3) from steadily high values (October 1998
to April 1999) to low values (april to august 1999) does not
immediately result in an increase of pe at the depth where the
probe is situated (70 cm). Indeed, pe remains constant at about
2.9 (Eh 165 mV), but pH increases generally from 6.2 to
7.3. An increase of pH at constant pe drives reactions towards
oxidation, as slopes in (pe, pH) diagrams are negative. The
Mössbauer data do not show a definite tendency with time at
given depth. As soil solution is transferred, its chemical com-
position cannot be directly compared with the x ratio at the
same depth. Instead, the clear general tendency of x to decrease
with depth, as the milieu becomes more reducive, suggests that
x is a better proxy of average oxidizing conditions than pe,
Fig. 9. Variations with time of log IAP  log K for gre
and for the limits of variation admitted for X2: 1/4 (F1) t
equilibrium between mineral and soil solution. The overs
 0; the undersaturation corresponds to log IAP  log Kwhich is subject to fast variations.As an average, goethite and lepidocrocite are frequently
destabilized, while fougerite is generally stable even in its
purely ferroso-ferric form, the endmember Fe3(OH)7. The pres-
ence of magnesium makes fougerite always stable when goe-
thite and lepidocrocite are not stable.
4.6.2. Short duration events
Sharp pe increase to 9.5 is observed following summer
storms at quasi-constant pH. This can be ascribed to oxygen
input by rainwater saturated with atmospheric O2 just preced-
ing air entry in the system (iron concentration falls to zero, and
later no sample could be obtained). In these conditions, goethite
and lepidocrocite are stable. In Fougères, goethite was not
observed, but lepidocrocite was observed previously by trans-
mission Mössbauer spectroscopy at 60 cm depth (Abdelmoula
et al., 1998).
As soon as, in autumn, the water table rises, pe decreases to
lower values, as low as 4.7 (Eh  263 mV), probably due
to supply of fresh dissolved organic matter. Except in summer
during storms of short duration and when air enters soil at the
driest period, pe remains quasi-constant and low. This, how-
with different anions (Cl; OH, SO42 or HCO3/CO32
2). The solid line (log IAP  log K) corresponds to the
n of the soil solution is observed when log IAP  log Ken rusts
o 1/3 (Fever, does not imply that there are no oxido-reduction varia-
s of so
4480 F. Feder et al.tions, but geochemical processes are then driven by sharp pH
variations at quasi-constant pe (4  pe  3). Such sharp
pH variations, which are all significant, can be ascribed to acid
inputs transferred by rainwater percolating through the litter
and organic horizons, and to nitrification. Such sharp acid
events are recorded at 40 cm depth during several months (Fig.
11). During those events, pH decreases sharply at quasi-con-
stant pe, thus pe  pH (or equivalently rH) decreases, which
favours reduction of green rusts and decrease of the x ratio. The
rH values (between 6 and 12) correspond to a gleysol (accord-
ing to the WRB limits, i.e., rH  19). One can thus oppose (i)
pe variations at quasi-constant pH during summer storms at the
driest period, and (ii) long periods where soil is saturated with
water and reducing conditions prevail, oxido-reduction pro-
cesses being driven by sharp pH variations.
We will now discuss the possibility of green rusts to form
quickly, as evidenced at 78 cm depth (Fig. 7). From the
investigation depth (0.05 cm) and the field of view of the
instrument (2 cm diameter), the volume probed is obtained at
0.2 cm3, while the molar volume of green rust (for 1 iron in
the cell) is20 nm3. The complete filling of the volume probed
by newly formed green rust would imply precipitation of 109
unit cells, that is, 20 micromoles of iron. The iron concentration
in solution being ca. 4 · 104 M in reducing conditions, the
contribution of only 5 mL of soil solution is required to entirely
Fig. 10. pe and pH variationfill this volume with green rust. However, the sensitivity of theMössbauer spectrometer is such that green rusts can be detected
from abundance of 5% in the volume probed, so that the
preceding figure can be divided by 20, which shows that the
precipitate can form from dissolved iron contained in 0.25 mL
soil solution. As green rusts are known to form very quickly in
the laboratory, we can conclude that we have evidence for the
direct formation of fougerite in the field. Then, the mechanism
would simply be to precipitate locally all the iron contained in
soil solution as dissolved oxygen enters the system, for exam-
ple, when the water table gets deeper.
5. CONCLUSIONS
We used a portable Mössbauer spectrometer for the first time
in situ to study iron oxide mineralogy in a hydromorphic soil.
During alternating aerobic and anaerobic conditions, the soil
colour changes from ochre to blue in horizons deeper than 70
cm. Fougerite is the only iron mineral identified, except in
summer when lepidocrocite is present in addition to fougerite,
whereas goethite was not observed. Silicated iron is negligible.
Variations of Fe3/Fetot. are observed with depth: (i) more
ferric fougerite (FeII Fe2III (OH)8) is present in the upper oxi-
morphic horizons; (ii) more ferrous fougerite (Fe2II FeIII (OH)7)
is present in the lower reductomorphic horizons. These varia-
tions are consistent with soil morphology. Rapid temporal
il solutions at 70 cm depth.variations of Fe3/Fetot. are correlated with fluctuations of the
pH var
4481Green rust (Fougerite) transformation with time and depthwater table, causing alternating aerobic and anaerobic condi-
tions.
This demonstrates that fast and reversible mineralogical
transformations of iron oxides exist in these soils. Fast geo-
chemical phenomena in soils are thus not restricted to ion
exchange or precipitation and dissolution of soluble salts, as
classically considered. In situ Mössbauer spectroscopy appears
as an essential tool to monitor mineralogical transformations of
iron oxides. It allows both the identification of solid phases and
the quantitative measurement of Fe2 and Fe3, is a nonde-
structive technique, and is a means to follow the influence of
anaerobic and aerobic alternations, in which iron plays the role
of electron donor or acceptor. Fougerite is an essential actor in
this interplay of biogeochemical cycles.
An automatic probe was used to monitor pH and pe in soil
solution at 1 h interval. Seasonal dynamics could thus be
registered. Both sharp variations of pe at quasi-constant pH and
sharp variations of pH at quasi-constant pe were observed.
To check soil-solutions equilibria, a solid solution model for
fougerite is proposed, allowing the Mg-Fe(II)-Fe(III) hydroxide
to accommodate different anions in the interlayer. As an aver-
age, log IAP variations closely parallel pH variations. The soil
solutions are largely oversaturated with respect to OH-foug-
erite, either undersaturated or oversaturated with respect to
CO2/HCO or SO2 green rusts, and always undersaturated
Fig. 11. Rainfall, pH, and pe, and3 3 4
with respect to Cl green rust. The soil solution shifts quicklyfrom a reduced state in the field of stability of fougerite to an
oxidized state in the field of stability of lepidocrocite. The field
of stability of goethite is quickly crossed.
This strongly suggests that fougerite forms from oversatu-
rated soil solutions, when dissolved oxygen enters the system
and Fe3 coprecipitates with Fe2 and Mg2.
We can thus propose that the following mineralogical trans-
formations occur seasonally:
1. In the driest periods of summer, fougerite is completely
oxidized to Fe(III) oxides (lepidocrocite).
2. In autumn, due to the supply of fresh organic matter and
water saturation, the milieu turns anoxic, and lepidocrocite
is reduced and dissolves, releasing Fe2 into solution.
3. When dissolved oxygen is replenished by air-saturated rain-
fall, Fe2 oxidizes to Fe3 that coprecipitates with Fe2 and
Mg2 to form fougerite, with a variable x ratio, following
alternatively anoxic and oxic periods.
4. Eventually, during the next summer when the water table
falls and air enters the soil profile, fougerite transforms back
by complete oxidation into lepidocrocite, releasing Mg2 in
solution.
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A SOLID-SOLUTION MODEL FOR Fe(II)-Fe(III)-Mg(II) GREEN RUSTS AND
FOUGERITE AND ESTIMATION OF THEIR GIBBS FREE ENERGIES OF
FORMATION
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F13545 Aix-en-Provence cedex 04, France
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Abstract—Fe(II)-Fe(III) green rust identified in soil as a natural mineral is responsible for the blue-green
color of gley horizons, and exerts the main control on Fe dynamics. A previous EXAFS study of the
structure of the mineral confirmed that the mineral belongs to the group of green rusts (GR), but showed
that there is a partial substitution of Fe(II) by Mg(II), which leads to the general formula of the mineral:
[Fe2+1–xFe
3+
x Mgy(OH)2+2y]
x+[xOH –·mH2O]
x–. The regular binary solid-solution model proposed previously
must be extended to ternary, with provision for incorporation of Mg in the mineral. Assuming ideal
substitution between Mg(II) and Fe(II), the chemical potential of any Fe(II)-Fe(III)-Mg(II) hydroxy-
hydroxide is obtained as: m = X1m1º + X2m2º + X3m3º + RT[X1lnX1 + X2lnX2 + X3lnX3] + A12X2(1 – X2).
All experimental data show that the mole ratio X2 = Fe(III)/[Fetotal + Mg] is constrained (1) structurally and
(2) geochemically. Structurally, Fe(III) ions cannot neighbor each other, which leads to the inequality X2
4 ÃÙÅ. Geochemically, Fe(III) cannot be too remote from each other for GR to form as Fe(OH)2 and
Mg(OH)2 are very soluble, so X25 ¼. A linear relationship is obtained between the Gibbs free energy of
formation of GR, normalized to one Fe atom, and the electronegativity w of the interlayer anion, as:
mº/n = – 76.887w – 491.5206 (r2 = 0.9985, N = 4), from which the chemical potential of the mineral
fougerite m is obtained in the limiting case X3 = 0, and knowing m1º = –489.8 kJmol
–1 for Fe(OH)2, and m3º =
–832.16 kJmol –1 for Mg(OH)2, the two unknown thermodynamic parameters of the solid-solution model
are determined as:
m2º = +119.18 kJmol
–1 for Fe(OH)3 (virtual), and A12 = – 1456.28 kJmol
–1 (non-ideality parameter).
From Mo¨ssbauer in situ measurements and our model, the chemical composition of the GR mineral is
constrained into a narrow range and the soil solutions-mineral equilibria computed. Soil solutions appear to
be largely overstaurated with respect to the two forms observed.
Key Words—Fe, Fougerite, Gley, Green Rust, Hydroxide, Mg, Model, Oxide, Soil, Thermodynamics.
INTRODUCTION
A green-blue color in soils has been used as a
diagnostic criterion in the definition of gley and soil
classification since the beginning of soil science, and
ascribed immediately to the presence of Fe(II) oxide,
called ``protoxide’’, by Vysostskii (1905, [1999]). The
green-blue color of soils and sediments was ascribed to
the presence of ``the theoretical compound hydro-
magnetite Fe3(OH)8’’ by Ponnamperuma et al. (1967)
and more generally to double hydroxy-carbonate-GR by
Taylor (1981). The discovery of these compounds in
natural environments, specifically acid to neutral gley
soils (Trolard et al., 1996, 1997), has confirmed the
hypothesis formulated by Vysotskii (1905) and demon-
strated for the first time the existence of GR as a
mineral. The mineral name ``fougerite’’ has been
approved by the Commission on New Minerals and
Mineral Names of the International Mineralogical
Association.
An extended X-ray absorption fine structure
(EXAFS) study was recently undertaken on fougerite
and synthetic GR and pyroaurites, which (1) confirmed
that the mineral belongs to the GR group, but (2) led to
the conclusion that it contains Mg(II) (which cannot be
seen by Mo¨ssbauer spectroscopy) as well as Fe(II) and
Fe(III) (Refait et al., 2001). This was not taken into
account in checking the soil-solution equilibria (Bourrie´
et al., 1999) and in the solid-solution model proposed
earlier (Ge´nin et al., 2001).
The aims of this paper are thus: (1) to derive a
generalized ternary solid-solution model for Fe(II)-
Fe(III)-Mg(II) GR and fougerite; (2) to discuss the
structural and geochemical constraints that must satisfy
this model; (3) to estimate the parameters of this model
on the basis of experimental data available on GR and of
a relation obtained between the Gibbs free energy of
formation of GR and the electronegativity of the
unhydrated interlayer anion; and (4) to apply the
model to check soil solution–solid solution equilibria
on the basis of field data.
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STRUCTURE OF GREEN RUSTS AND
STRUCTURAL CONSTRAINTS FOR
A SOLID-SOLUTION MODEL
Structure of green rusts and of fougerite
Green rusts consist of brucite-like sheets of Fe(OH)2
in which part of the Fe(II) is oxidized to Fe(III), the
excess charge being compensated by interlayered anions;
the interlayers are hydrated. Two types of structure –
rhombohedral GR1 and trigonal GR2 – exist, depending
on the nature of interlayered anions. With small
spherical or planar anions such as chloride and
carbonate, GR1 compounds are obtained, while with
large tetrahedral anions, such as sulfate and selenate,
GR2 compounds form (Ge´nin et al., 1998a; Simon et al.,
2003) (Figure 1).
The exact nature of the compensating anion in
fougerite cannot be determined directly as its abun-
dance is small (total Fe2O3 content in soil is only ~4%),
the mineral is labile and cannot be separated from the
other minerals and Mo¨ssbauer spectroscopy is only
sensitive to Fe. From the composition of soil solutions
analyzed in the localities where GR were identified, it
was concluded that the most likely anion is simply
OH –. The structure was thus assumed to be analogous
to GR1(Cl), since OH – is spherical as is Cl – .
Accordingly, the symmetry group was predicted to be
the same as that of GR1(Cl), R3¯m, with unit-cell
parameters a& 0.32 nm and c& 2.25 nm, i.e. the same
value for a, but a smaller value for c, due to the smaller
size of OH – (Ge´nin et al., 2001). In GR1(OH), the
interlayer space can at most be completely filled with
water molecules and OH – ions that are of the same size,
in a compact arrangement which leads to the complete
general formula [Fe2+1 –xFe
3+
x (OH)2]
x+[xOH – ·mH2O]
x –,
or globally Fe(OH)2+x, with x ranging from ÃÙÅ to ÄÙÅ,
and m 4 1 –x. The Mo¨ssbauer and X-ray absorption
spectroscopy (XAS) studies of fougerite have con-
firmed that it belongs to the GR1 group, but have shown
that Mg substitutes for Fe in the mineral and that the
local ratio of Mg/Fe is ~2±1. Its general structural
f o r m u l a m u s t t h e n b e m o d i f i e d a s :
[Fe2+1 –xFe
3+
x Mgy(OH)2+2y]
x+[xOH – ·mH2O]
x– , with m 4
1 – x + y. As x is the parameter measurable by
Mo¨ssbauer spectroscopy, the preceding notation will be
used to discuss the corpus of available experimental
data. However, the solid-solution model is more
conveniently, and symmetrically, written on the basis
of mole fractions of the three components Fe(OH)2,
Fe(OH)3 and Mg(OH)2 respectively:
Fe3+
OH-
Fe2+ S6+
H2O O2-
a
x
z
y
b
a
Interlayer
Hydroxide
layer
c/3
C
B
B
A
a
c
OH- OH- H2O Fe
x
z
y
c
d
b
Figure 1. Structures of GR1 and GR2. (a) Stacking sequence for the crystal structure of the GR1(OH) mineral, fougerite, in the
limiting case Fe3(OH)7; (b) position of water molecules and OH
– ions in an interlayer viewed along [001]; only one interlayer, one
OH– and one Fe layer below are represented, from Ge´nin et al. (2001); (c) projection of an ordered representation of the (2a, 2a, c)
lattice of GR2(SO4
2–) structure on the (001) plane; (d) stacking sequence for the crystal structure of GR2(SO4
2–), from Simon et al.
(2003).
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X1 ˆ 1 – x1‡ y X2 ˆ
x
1‡ y X3 ˆ
y
1‡ y …1†
The formula of fougerite can be written in a
simplified way as: (Fe2+,Mg)X1+X3Fe
3+
X2(OH)2X1+2X3+3X2
Structural constraints for the solid-solution model
From structural considerations, the smallest possible
value for x is zero, which would correspond to a solid-
solution between Fe(OH)2 and Mg(OH)2. The effective
ionic radii of Fe2+ and Mg2+ are very close to each other,
0.078 nm and 0.072 nm, respectively (Shannon, 1976),
so that extensive substitution is possible. Indeed, most
natural Fe(II) oxides, hydroxides and silicates admit
continuous series between pure Fe(II) and Mg(II) end-
members.
The upper limit for GR1(OH) was proposed as x = ÄÙÅ
(Ge´nin et al., 2001). According to Vucelic et al. (1997),
there exists a local ordering so that Fe3+ cations are
never neighbors to each other. As each cation is
surrounded by six cations, this means that this rule can
be generalized now as: every Fe3+ must be surrounded
by six bivalent cations, either Fe2+ or Mg2+. The basic
question is thus: what is the exact structural cause of this
limitation?
For GR1(OH), the excess positive charge is compen-
sated in the interlayer by deprotonation of the water
molecule, the elementary reaction of oxidation being
written in Figure 2. Further oxidation leading to two
neighboring Fe(III) would then result in two neighboring
OH – in the interlayer (Figure 2). This is a priori
structurally possible, but rather than deprotonating the
remote interlayer water molecule, the repulsive field
exerted by the two Fe(III) atoms would result in the
deprotonation of the OH of the layer itself by an
‘oxolation’ process (Jolivet, 1994) and to Fe(III)–O–
Fe(III) bonds. The GR structure is then no longer stable
and it transforms into magnetite with spinel inverse
structure, or into an oxyhydroxide such as lepidocrocite
(Olowe and Ge´nin, 1991). Substitution of Fe(II) by
Mg(II) in the structure stabilizes the green rust structure
and the x mole ratio is allowed to increase to a limit
given by the inequality:
Fe…II† ‡Mg…II†
Fe…III† 2()
1 – y‡ y
x
2()x 1‡ y
3
…2†
which with equation 1 gives:
X2 4 ÃÙÅ (3)
The limiting case of pure Fe-GR. For y = 0, equation 2
simplifies to x 4 ÃÙÅ, which corresponds to the global
formula Fe3(OH)7. This implies that the values obtained
earlier for x = ½ ‘Fe2(OH)5’ and x = ÄÙÅ ‘Fe3(OH)8’ must
be ascribed in fact to Fe(II)–Fe(III)–Mg(II) GR. It is
worth noting that the GR synthesized heretofore without
Mg have x values of <ÃÙÅ (Table 1), except in one case,
GR1(Cl), with a slightly larger value (x = 0.36), which
either is not significantly different from x = ÃÙÅ or would
indicate that with some anions it is possible to
accommodate a small increase of Fe(III). Moreover, in
the case of selenate-GR2, the precipitate starts with x =
ÃÙÅÍÄÇ, then x increases to a maximum value x = ÃÙÅ, over
which it oxidizes into Fe(III) oxyhydroxides FeOOH.
It can thus be concluded that the inequality x 4 ÃÙÅ is
satisfied when y = 0, from all the experimental results
obtained so far. Any further oxidation leads to the
formation of Fe oxyhydroxides, lepidocrocite, goethite,
or akaganeite, or to the formation of magnetite-
maghemite minerals. Similar conclusions apply also to
compounds based on trivalent cations other than Fe. It is
for example the case for synthetic meixnerite ,
[Mg2+1 –xAl
3+
x (OH)2]
x+[x OH –·(0.81 –x)H2O]
x –, for which
0.23 4 x 4 0.33 (Mascolo and Marino, 1980).
The general case of the ternary solid-solution. The
Fe(III) mole fraction must be <ÃÙÅ, which separates the
excluded domain from the domain where it is structu-
rally possible for GR to form. The inequality 2 can be
drawn graphically in a triangular diagram in the system
Fe2+(OH)2–Fe
3+(OH)3–Mg(OH)2 (solid line, Figure 3).
For y 5 0, i.e. when other divalent metals substitute
for Fe(II), further oxidation is possible as soon as the
inequality (3) is fulfilled. Such a compound was
synthesized, with x = ½ and y = ½, by co-precipitation
H2O             Interlayer              H2O              OH-            Interlayer          H2O   
H2O              Interlayer               H2O              OH-            Interlayer         H2O   
Fe (II)                                        Fe (II)           Fe (III)                                Fe (II)     +H+ + e-
OH
OH
OH
OH
Figure 2. Modification of the composition of octahedra and interlayer in GR during the oxidation of Fe(II) to Fe(III).
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of Mg2+, Fe2+ and Fe3+ salts, at stoichiometry:
[Fe2+2 Fe
3+
2 Mg
2+
2 (OH)12]
2+[CO2 –3 ·nH2O]
2 – (Refait et al.,
2001).
For y = ½, the limit is x 4 ½, which corresponds to
the former formula ‘Fe2(OH)5’ and for y = 1, the limit is
x 4 ÄÙÅ, which corresponds to the former formula
‘Fe3(OH)8’. These compounds, whose Fe(III)/Fetotal
ratios were observed in hydromorphic soils, can thus
only be stable if they incorporate divalent cations other
than Fe(II), for which Mg(II), due to its abundance in the
environment is the more likely candidate. The proposed
complete formulae for the mineral at remarkable points
are given in Table 2 (points A, B, C, D, Figure 3), under
the constraint that the total number of water molecules
and OH – ions is at most equal to the total number of
cations in the mole formula, with one monolayer of
water in GR1-type compounds.
Larger Mg substitutions are possible, as this consists
simply of diluting Fe atoms, and for y 5 2, the complete
oxidation of Fe is possible, which leads to a compound
isomorphous with pyroaurite, with OH – as a compensat-
ing anion instead of carbonate.
Among excluded forms are thus not only Fe(OH)3,
but all mixed Fe hydroxides Fe2+1 –xFe
3+
x (OH)2+x, with
x 5 ÃÙÅ, including the previously considered compounds
Fe2(OH)5 and Fe3(OH)8 (``ferrosic hydroxide’’ of Arden,
1950). If they exist, the structure of these components
instead of a GR structure, would be more consistent with
the formula Fe(OH)2· 2FeOOH for ``hydrated magnetite’’
used by Olowe and Ge´nin (1991) and Refait and Ge´nin
(1993), which implies an oxolation of Fe(III)–Fe(III)
bridges, but the structures of these hypothetical com-
pounds are not established.
GEOCHEMICAL CONSTRAINTS
The solid-solution model proposed by Ge´nin et al.
(2001) must be revised given the presence of Mg in the
mineral. This adds a degree of freedom to the system.
The solid-solution is now ternary, and the end-members
are the hypothetical minerals with a GR1 structure of the
same composition as Fe(OH)2 and Mg(OH)2, but not
Table 1. Structural formulae and Gibbs free energies of formation at 298.15 K and 1 bar of synthetic GR.
Structural formula Group x* mº exp. mº calc.c
(kJ mol –1) (kJ mol –1)
[Fe2+3 Fe
3+(OH)8]
+[Cl –·2H2O]
– GR1 ¼1 –2145±7a –2132
[Fe2+6 Fe
3+
2 (OH)16]
2+[SO3
2–·4H2O]
2– GR1 ¼2 – –5162
[Fe2+6 Fe
3+
2 (OH)16]
2+[C2O4
2–·4H2O]
2– GR1 ¼3 –5383±3b –5365
[Fe2+5.5Fe
3+
2 (OH)15]
2+[SeO4
2–·8H2O]
2– GR2 ÃÙÅÍÄÇ
4 – –5007
[Fe2+4 Fe
3+
2 (OH)12]
2+[SeO4
2–·8H2O]
2– GR2 ÃÙÅ
4 – –4006
[Fe2+4 Fe
3+
2 (OH)12]
2+[SO2–4 ·8H2O]
2– GR2 ÃÙÅ
5 –3790±10 –3807
[Fe2+4 Fe
3+
2 (OH)12]
2+[CO2–3 ·nH2O]
2– GR1 ÃÙÅ
6,7 –3590±5a –3872
* x = Fe(III)/Fetotal mole ratio
1 Refait et al. (1998a); 2 Simon et al. (1998); 3 Refait et al. (1998b); 4 Refait et al. (2000);
5 Refait et al. (1999); 6 Hansen (1989); 7 Drissi et al. (1995)
a Bourrie´ et al. (1999); b ref. 3; c data from this paper
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Figure 3. Diagram for the ternary system Mg(OH)2-Fe(OH)2-
Fe(OH)3. Solid line: limit between the excluded domain and the
domain allowed for GR structure to be stable; dashed line: limit
of the incipient precipitation of GR; M-A (hatched): interval of
composition of synthetic GR. (A) Fe3(OH)7; (B) previously
‘Fe2(OH)5’:[MgFe
2+Fe3+(OH)6]
+[OH –·mH2O]
–; (C) pre-
vio us ly ‘Fe 3(O H ) 8’: [Mg 3Fe
2+F e3+2 (OH ) 12]
2+[2O H –·
mH2O]
2–; (D ) l im it wi th comp le te oxidat ion of Fe,
[Mg2Fe
3+(OH)6]
+[OH –·mH2O]
–; (N-P) path of oxidation of
fougerite (see text).
Table 2. Proposed structural formulae for the GR1(OH)
mineral fougerite at remarkabl e points, and for the
isomorphous OH analogue of pyroaurite.
Structural formula (for y = ymin.) x ymin. Ref.
Fig. 3
[Fe2+2 Fe
3+(OH)6]
+[OH –·mH2O]
– ÃÙÅ 0 A
[Mg2+Fe2+Fe3+(OH)6]
+[OH –·mH2O]
– ½ ½ B
[Mg2+3 Fe
2+Fe3+2 (OH)12]
2+[2OH –·mH2O]
2– ÄÙÅ 1 C
[Mg2+2 Fe
3+(OH)6]
+[OH–·mH2O]
– 1 2 D
x = Fe(III)/Fetotal mole ratio; y = Mg/Fetotal mole ratio;
m 4 1 – x + y
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necessarily with the same thermodynamic properties as
their isomers of different structure.
Aqueous solution – ternary solid-solution equilibria
The equilibrium between a soil solution and a ternary
solid-solution must be checked by writing a separate
equilibrium equation for each pole:
Fe(OH)2 + 2H
+ > Fe2+ + 2H2O (4)
[Fe(OH)2]
+[OH –] – + 3H+ + e – > Fe2+ + 3H2O (5)
Mg(OH)2 + 2H
+ > Mg2+ + 2H2O (6)
In the following, indices 1, 2 and 3 will refer to
Fe(II), Fe(III) and Mg(II) pure end-members, respec-
tively. Ionic activity products (IAP) for each pole are
defined by:
log IAP1 = log (Fe
2+) + 2 log aw + 2 pH (7)
log IAP2 = log (Fe
2+) + 3 log aw + 3 pH + pe (8)
log IAP3 = log (Mg
2+) + 2 log aw + 2 pH (9)
where quantities in parentheses are the activities of
chemical species considered, aw is the activity of water,
pe is related to the redox potential measured with respect
to the normal hydrogen electrode Eh, by pe = (FEh)/
( l n 10 ) RT , T i s t h e a bso l u t e t e m pe r a t u r e ,
F = 96485.309 C mol –1 and R = 8.31451 Jmol –1 K –1.
At equilibrium, one has:
log IAP1 = log K1 + log a1 (10)
log IAP2 = log K2 + log a2 (11)
log IAP3 = log K3 + log a3 (12)
where ai is the activity of pole i in the solid-solution,
which is different from unity, as the mineral is not a pure
mineral in standard state. The activity coefficient li of
pole i in the solid-solution is defined by:
li = ai/Xi (13)
where Xi is the mole fraction of pole i in the solid-
solution, and the chemical potential of each pole in the
solid solution is given by:
mi = m
o
i + RT ln Xi + RT ln li (14)
The li values are functions of P,T and the mole
fractions of the solid Xi. The function defines the type of
solid-solution.
For an ideal solid-solution, li = 1. However, the end-
members Fe(OH)2 and Mg(OH)2 have a brucite-like
structure, with no intercalation of a monomolecular layer
of water, but as soon as some Fe(II) is oxidized, the
layers separate, hydrate and compensating anions enter
the interlayer, which explains why the solid-solution is
largely non-ideal (Ge´nin et al., 2001). As before, a
regular solid-solution model will be used here.
Regular ternary solid-solution model for GR and
fougerite
For a regular ternary solid-solution, the equations are
(Prigogine and Defay, 1946, t. II p. 80):
RT ln l1 = A12X2
2 + A13X3
2 + X2X3(A12 –A23+A13) (15)
RT ln l2 = A23X3
2 + A12X1
2 + X1X3(A12+A23 –A13) (16)
RT ln l3 = A13X1
2 + A23X2
2 + X1X2( –A12+A23+A13) (17)
where Aij are the interaction parameters of the three
binary solid-solutions. This implies that three parameters
must be experimentally measured and fitted to a model
of ternary regular solid-solution. For GR, we can make
the assumption that the Fe(II)-Mg(II) substitution is
ideal.
This implies that l1 = l3 for all X2 and that if X2 = 0,
one obtains the ideal solid-solution Mg(II)-Fe(II), so
that: RT ln l1 = A13X3
2 = 0, hence A13 = 0. The same
assumption implies that the effects of pole 1 and pole 3
on the activity coefficient of pole 2 are the same, i.e.
A12 = A23. One eventually obtains:
RT ln l1 = A12X2
2 (18)
RT ln l2 = A12(X1 + X3)
2 (19)
RT ln l3 = A12X2
2 (20)
There remains only one adjustable parameter, A12 =
A23 and poles 1 and 3 play the same role, and this can be
written equivalently as:
RT ln l1 = A12X2
2 (21)
RT ln l2 = A12(1 – X2)
2 (22)
RT ln l3 = A12X2
2 (23)
The chemical potentials of the three components and
of the solid-solution are obtained as:
m1 = m1º + RT ln X1 + A12X2
2 (24)
m2 = m2º + RT ln X2 + A12(1 – X2)
2 (25)
m3 = m3º + RT ln X3 + A12X2
2 (26)
m = X1 m1 + X2 m2 + X3 m3 (27)
The ideal and excess Gibbs free energy of mixing are
given respectively by:
DGideal/RT = X1 ln X1 + X2 ln X2 + X3 ln X3 (28)
DGexcess/RT = X1 ln l1 + X2 ln l2 + X3 ln l3 (29)
and by substituting equations 21 –23 in equations 29 and
27, one obtains:
DGexcess = A12 X2 (1 – X2) (30)
m = X1 m1º + X2 m2º + X3 m3º
+ RT [X1 ln X1 + X2 ln X2 + X3 ln X3]
+ A12 X2 (1 – X2) (31)
By letting X3 = 0, one obtains the expression used to
fit the regular solid-solution model previously (Ge´nin et
al., 2001). The parameter A12 is identical to the
parameter A0 obtained previously, though the value
proposed previously must be revised as Mg was not
considered in the computation of IAP values.
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Difficulty in solving the system on the basis of aqueous
solution-solid solution equilibria
In principle, the system can be solved by successive
iterations for each aqueous solution to check equili-
brium, if Ki are known, starting with li = 1 and a
tentative value of A12.
The condition of equilibrium can thus be checked by
computing first for each pole:
log Xi = log IAPi – log Ki – log li (32)
and secondly by summing the Xi. The condition obtained
is then:P
i Xi < 1, the soil solution is undersaturated (33)P
i Xi = 1, the soil solution is at equilibrium (34)P
i Xi > 1, the soil solution is oversaturated (35)
This generalizes the classic condition IAP < K, IAP =
K, IAP > K for a pure solid (Bourrie´, 1983).
The values of log IAPi can be obtained from the
composition of soil solution and the computation of
activities and such a set of data is available (Bourrie´ et
al., 1999). One must, however, know the values of Ki for
pure end-members, which here it is not possible to
measure directly as the purely ferric pole is virtual.
Indeed, as the solubilities of Mg(OH)2 and Fe(OH)2 are
very large, solutions are largely undersaturated with
respect to these end-members, resulting in numerical
instabilities. As explained before, the solid-solution is
largely non-ideal, so that the values li = 1 are not a good
starting point for iterations. Moreover, the mineral is
labile and cannot be separated, so that the mole fractions
Xi are not measurable. Only the x mole ratio is
measurable by Mo¨ssbauer spectroscopy.
Estimating both m2º, A12 and the Xi from a set of field
data would imply the questionable assumption of
equilibria at low temperature and give a circular
character to the demonstration. Instead, hereafter, we
will constrain the range of variation of the mole fraction
X2 better, then derive the chemical potential of the
mineral, and eventually check equilibria independently
with aqueous solutions.
Geochemical constraints on the solid-solution model
Lower limit of the mole fraction of Fe(III) in GR. On the
basis of structural considerations, we have seen that the
mole fraction of Fe(III) must be such that X2 4 ÃÙÅ, as
two Fe(III) must not be direct neighbors. Conversely, if
X2 is too small, the distance Fe(III) –Fe(III) is too large
and the mineral will not form as the solubilities of
Fe(OH)2 and Mg(OH)2 are very large. Experimentally,
starting from Fe(OH)2, and letting it oxidize gently in
contact with air, synthetic GR form in coexistence with
Fe(OH)2 from x = ¼.
With Ni(II), the compound obtained with the initial
ratio Fe(II)/Ni(II) = ÃÙÅ, i.e. X3 = ÅÙÆ, by assimilating Ni(II)
to Mg(II) in Figure 3, is a GR1 isomorphous to GR1(Cl),
with x = 1, and X2 = ¼ (Refait and Ge´nin, 1993). The
unique product obtained corresponds to X2 = ¼ (the
point of intersection of the dashed line with the edge
Mg(OH)2-Fe(OH)3 in the diagram). For larger initial
ratios Fe(II)/Ni(II), ½ and 1, the initial products obtained
bear X2 = ¼ too.
In pyroaurite, Mg2+6 Fe
3+
2 (OH)16CO3·4H2O, X2 = ¼; in
GR1(CO3), Fe
2+
x Fe
3+
2 (OH)2x+4CO3·nH2O, x ranges from
four to six, (X2 = ¼ to ÃÙÅ) according to Murad and Taylor
(1984), while x = 4 following Drissi et al. (1994) (X2 =
ÃÙÅ). Similarly, when Al(III) substitutes for Fe(III), the
product obtained by Taylor and MacKenzie (1980) is
Fe2+6 [Al
3+,Fe3+]2(OH)15.9Cl1.85, with the mole ratio of
trivalent ions X2 = ¼, while in desautelsite, synthesized by
Hansen and Taylor (1991), Mg2+8–xMn
3+
x (OH)16(CO
2 –
3 )x/2,
2 < x < 2.67, i.e. ¼ < X2 < ÃÙÅ. As mentioned above, in
synthetic meixnerite, Mg(II)-Al(III) compound, the mole
ratio of trivalent ion obeys 0.234 X24 0.33. It can thus
be concluded that the formation of GR or more generally
of pyroaurite-type compounds begins at the mole ratio:
X2 : M(III)/[M(III) + M(II)] = ¼.
The value X2 = ¼ corresponds structurally for
GR1(OH), to the minimum distance Fe(III)–Fe(III),
d = aH3, where a is the parameter of the hexagonal
structure (Refait et al., 2001). We will thus consider that
the lower limit for the mole ratio X2 is geochemically
constrained to ¼, and that the upper limit is structurally
constrained to ÃÙÅ. The domain of composition of either
synthetic or natural GR is thus limited by X2 = ¼ (dashed
line in Figure 3) and X2 = ÃÙÅ (solid line in Figure 3).
Minimization of the chemical potential of GR and a
relationship between A12 and the chemical potentials of
pure end-members. We can now assume that the
chemical potential of GR is minimal in the range
X2 = [¼, ÃÙÅ], which is rather narrow. This is true even
for a pure Fe(II)-Fe(III) system. When expressed as a
function of mole fractions, one has:
m : G/n = X1 m1 + X2 m2 (36)
and by taking the derivative with respect to X2, one
obtains (Prigogine and Defay, 1946, t. II, p. 12):
@m
@X2
ˆ m2 – m1 …37†
The derivative is zero for X2 = X2, min., which can be
combined with equations 14, 21 and 22 and solved for
A12, and eventually gives:
A12 ˆ
‰m1 – m2 – RT ln… X2;min1 –X2;min†Š
…1 – 2X2;min† …38†
m
A12
RT
ˆ
‰m1 –m2RT – ln… X2;min1 –X2;min†Š
…1 – 2X2;min† …39†
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By taking as an average X2,min = 7/24±1/24, a linear
relation is obtained between A12 and the Gibbs free
energies of formation of the ferrous and ferric end-
members. As a first approximation, (m1
o – m2
o)/RT can be
considered as constant, so that from equation 39, A12 can
be computed at any temperature. There now remains one
unknown parameter instead of two.
Constraints on the chemical potentials of pure end-
members. The pure end-members are Fe(OH)2 for which
m1º = –489.8 kJmol
–1 at 298.15 K, 1 bar, from Bourrie´ et
al. (1999) and Fe(OH)3:[Fe
3+(OH)2]
+[OH –] – . How-
ever, as this end-member is virtual, m2º is not measurable.
This value must, however, be more positive than the
values for lepidocrocite and goethite with one water
molecule added, and hematite, with two water molecules
added, which are the stable or metastable phases. Taking
–470.7 kJmol –1 for lepidocrocite (Hashimoto and
Misawa, 1973), –480.3 kJmol–1 for goethite (De´tournay
et al.,1975), –755.45 kJmol–1 for hematite (Bratsch,
1989) and –237.18 kJmol–1 for liquid water (Wagman
et al., 1982), one obtains a minimum value m2º >
–708 kJmol–1. The value previously proposed was m2º
= –641 kJmol–1 (Ge´nin et al., 2001), but Mg was not
considered in the mineral. Instead, for GR to form, A12
must be negative, which implies m2º > –490 kJmol
–1, by
letting X2 = X2, min = ÉÙÄÆ in equation 39. The value of m2º
is thus not constrained enough to give a reliable value of
A12 from equation 31. The previously published value m2º
= –641 kJmol –1 (Ge´nin et al., 2001) leads to X2, min =
ÄÙÅ, which is inconsistent with the structural constraints,
and must be discarded.
The only way to solve the system is then to obtain a
value for m for the mineral in the range of variation of X2
where GR exist, but as the natural mineral fougerite is
labile and cannot be separated, and to date has not been
synthesized, this value must be estimated from the
values measured on synthetic GR.
ESTIMATION OF THE GIBBS FREE ENERGY
OF FORMATION OF GR1-OH
General relation between the Gibbs free energies of
formation of synthetic GR and the electronegativities of
anions taken on the Allred-Rochow scale
The experimental values of the Gibbs free energies of
formation of synthetic GR are reported in Table 1 at
298.15 K, 1 bar. As these compounds are essentially
isostructural, we can look for a relationship between this
thermodynamic property and a suitable parameter. The
changes are essentially the nature of the interlayered
anion, the number of moles of water, which depends on
the type of GR, and to a lesser degree the mole ratio X2.
Those factors are closely correlated, and the nature of
the anion is the main factor. As the interactions between
the layer and the anion are of electrostatic nature, we
chose the electronegativity of the anion as a parameter.
More specifically, we used the Allred and Rochow
electronegativity scale, as it is based on the energetics of
interaction between a molecule or an ion and the
electron and is a function of the global charge Z of the
molecule or ion. We follow the model of partial charges
developed by Jolivet (1994). Given the electronegativ-
ities w*i of the elements, the electronegativity of a
molecule is obtained as:
w ˆ
P
i

wi
p ‡ 1:36ZP
i
1
wi
p …40†
With wi* = 2.50 for C and Se, 3.50 for O, 2.83 for Cl,
2.48 for S (Jolivet, 1994) the values obtained for the
anions are w = 0.54 for Cl – , 1.86 for SO2 –4 , 2.0 for CO
2 –
3
and SO3
2– , 2.29 for SeO4
2 – and 2.33 for oxalate C2O4
2– .
The Gibbs free energies of formation of synthetic GR,
normalized to 1 Fe atom, are plotted vs. the Allred-
Rochow electronegativities of the interlayer anions in
Figure 4. The value of the Gibbs free energy of formation
of Fe(OH)2 is plotted at w = 0, as the interlayer is empty.
All points except GR1(CO3) and including Fe(OH)2
and GR2(SO4) are perfectly aligned, along a straight line
following the empirical law:
mo
n = –76.887w – 491.5206, r
2 = 0.9985, N = 4 (41)
where n is the number of Fe atoms per mole formula, and
mº is in kJ mol –1. The differences between calculated
Figure 4. Relation between Gibbs free energy of formation of
synthetic GR (see Table 1), normalized to one Fe atom/mole
formula and the Allred and Rochow electronegativity of the
interlayer anion, computed following the model of partial
charges (Jolivet, 1994) (see text, equation 40). Solid line: linear
regression through all points (error bars) except GR1(CO3) (see
equation 41); black circles: Gibbs free energy of formation of
GR1(CO3) (Table 1) at w = 2 and recalculated from experimental
data (Table 3) as GR1(HCO3) (reaction 42), at w = 2.49; the
dashed line connects those two extreme values for carbonate
GR.
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and experimental values are within 0.6% (Table 1)
except for GR1(CO3), which will be discussed just
below. It is remarkable that: (1) the value for Fe(OH)2
plotted at w = 0 is aligned with GR; (2) that GR2(SO4) is
aligned with GR1s.
This confirms that the main factor is the nature of the
anion. The stacking differences between the two types of
GR and the number of molecules of water are not
reflected in the dispersion. Considering the number of
molecules of water and computing the electronegativ-
ities of Cl – ·2H2O, etc. resulted in a large scattering of
points in the diagram. The normalized Gibbs free
energies of formation of GR are thus entirely explained
by the electronegativity of the non-hydrated anion.
Gibbs free energy of formation of GR1(CO3)
For GR1(CO3), the discrepancy is 8% and is largely out
of range of the experimental uncertainty, i.e. ±11 kJ mol–1.
The experimental value is derived from measurements of Eh
and pH at equilibrium between Fe(OH)2 and the synthetic
GR from Drissi et al. (1994) (Table 3).
The equilibrium was considered between GR1(CO3)
and Fe(OH)2. If however, HCO3
– was the interlayer
a n i o n , t h e f o r m u l a o f t h e G R w o u l d
be [Fe2+4 Fe
3+
2 (OH)12]
2+[2HCO3
–]2 – , and the equilibrium
with Fe(OH)2 would be:
6Fe(OH)2 + 2HCO3
– >
[Fe4
2+Fe2
3+(OH)12]
2+[2HCO3
–]2– + 2e – (42)
from which the data from Table 3 can be used to give
mº = –4248.23±3 kJ mol –1. This value, when normal-
ized to one Fe atom and plotted at w(HCO3
–) = 2.49 is
below the general regression line. Carbonate GR could
thus indeed be a mixed CO2 –3 -HCO3
– GR. The intersec-
tion between the solid line and dashed line in Figure 4
leads to an average value w = 2.32 = ÄÙÅw(HCO3
–) + ÃÙÅw
(CO2 –3 ). The formula for GR1(CO3) could thus be:
ÄÙÅ{[Fe
2+
4 Fe
3+
2 (OH)12]
2+[2HCO3
–]2–}·
ÃÙÅ{[Fe
2+
4 Fe
3+
2 (OH)12]
2+[CO2–3 ]
2–},
or equivalently:
[Fe2+4 Fe
3+
2 (OH)12]
2+[ÆÙÅHCO3
–·ÃÙÅCO
2–
3 ]
2–.
The activity ratio [HCO3
–]/[CO2 –3 ] = 4 in the
interlayer, corresponds to pH = 9.73, which is 0.5 to
1.1 lower than the pH in the external solution, which
can be ascribed to the classical surface acidity of the
positively charged interlayer. There is no steric
hindrance, as there are six Fe atoms, so there is space
for six H2O molecules, i.e. six O. In the formula
proposed, there are five O, so there is the possibility of
having at most one water molecule in addition in the
cell. From the value w = 2.32, and equation 41, we
obtain mº = –4018 kJ mol –1 for GR1(ÆÙÅHCO3
– ·ÃÙÅCO
2 –
3 )
at 298.15 K, 1 bar. However, the mole ratio Fe(III)/C
would then be 2/(ÇÙÅ) = 1.2 instead of 2 as generally
admitted. Thus, either the stoichiometry or the chemical
potential of the hydroxy-carbonate GR must be
reevaluated.
It must be noted that the intersection of the carbonate
data with the regression line in Figure 4 occurs at the
same point where the oxalate data point occurs. As the
oxalate and carbonate functional groups are rather
similar, this strengthens the main importance of the
nature of the interlayer anion.
From equation 41, with w(SO3
2 –) = 2 and w(SeO4
2 –) =
2.29, we obtain the Gibbs free energies of formation of
the other synthetic GR: GR1(SO3
2 –), GR2(SeO4
2 –) which
are reported in Table 1, for which no published data are
available.
Estimation of the Gibbs free energy of formation of the
purely ferroso-ferric GR1(OH)
From equation 41, with w(OH –) = 1.60, we even-
tually obtain m = – 614.5 kJ mol –1 for GR1(OH), with
one Fe atom per mole formula. This value, near the
minimum at the limit X3 = 0 (no Mg in fougerite) is in
the range of values proposed previously for Fe3(OH)7,
i.e. –1799.7 kJ mol –1 or –600 kJ mol –1/1 Fe atom, and
f o r ‘ F e 2 ( O H ) 5 ’ , i . e . –1 2 4 4 . 1 k J m o l
–1 o r
–622 kJ mol –1/1 Fe atom, but it must be preferred, as
it is based on carefully controlled experiments on
synthetic GR, thermodynamics of solid-solutions and
the model of partial charges.
Table 3. Experimental data used to reevaluate the Gibbs free energy of formation of GR1(CO3), from Drissi et al. (1994).
R = OH/Fe Eh (V)a pHa a(CO2–3 )
a log a(HCO3
–)b log Kc DRGº
d mºe
0.545 –0.598 10.82 0.027 –2.059 24.34 –138.896 –4251.24
0.600 –0.597 10.20 0.015 –1.694 23.57 –134.539 –4246.88
0.615 –0.596 10.19 0.015 –1.684 23.52 –134.232 –4246.57
Average –0.597 10.40 0.019 –1.812 23.807 –135.89 –4248.23
s 0.001 0.36 0.007 0.214 0.457 2.61 2.61
a Drissi et al. (1994)
b computed as log a(HCO3
–) = log a(CO2–3 ) – pH + 10.33
c log K = –2[FEh/(ln 10)RT – 2log a(HCO3
–)]
d DRGº = –(ln 10)RT log K
e computed from mº = DRGº + 2mº(HCO3
–) + 6mº(Fe(OH)2), with mº(HCO3
–) = – 586.77 kJ mol –1 from Wagman et al. (1982)
and mº(Fe(OH)2(c)) = –489.8 kJ mol
–1 from Bourrie´ et al. (1999).
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THE COMPLETE TERNARY SOLID-SOLUTION
MODEL FOR Fe(II)-Fe(III)-Mg(II) GR
From the value of m, we can solve entirely the binary
regular solid-solution model. From equation 37, we have
at the minimum, m1 = m2 and from equation 36, with X1 +
X2 = 1, we obtain:
m = m1 = m2 = –614.5 kJ mol
–1 (43)
whose physical meaning is that m is minimal when the
chemical potentials of the components of the binary
solid-solution are identical.
W i t h X1 = 17 / 24 , X2 = 7 / 2 4 a nd m 1º =
–489.8 kJ mol –1, by inserting the value of m1 in
equation 24, we obtain A12 = –1456.28 kJmol
–1, and
by inserting the value of m2 in equation 25, we obtain
m2º = +119.18 kJ mol
–1.
As expected, A12 is negative, which implies that GR
will not demix at any temperature (Prigogine and Defay,
1946). The positive value for m2º implies that a GR
structure for Fe(OH)3 is absolutely impossible.
Electrostatic repulsions would be so large that this
compound would be unstable with respect to the
elements in their standard state, metallic Fe, O2,gas and
H2,gas! Indeed, this simply means that an octahedral
packing of OH cannot accommodate neighboring Fe(III)
and that deprotonation of OH leads by an oxolation
process to other iron oxides.
The A12 value obtained is larger than the correspond-
ing value for FeO-MgO, i.e. +15.945 kJ mol –1 (Davies
and Navrotsky, 1983), and of opposite sign. However,
this latter value is relative to the halite-like structure of
oxides and valid at high temperatures (1373 –1573 K).
Moreover, it refers to a substitution of same-charge
cations, Fe(II)-Mg(II). Our value, largely negative,
refers to the simultaneous substitution Fe(II)·H2O-
Fe(III)·OH (see Figure 1) and implies much more
important changes in the electronic structure of the
solid, so that the values cannot be directly compared.
The large negative value of A12 we obtained compen-
sates the positive value of m2º and makes the fougerite
stable.
Our solid-solution model for GR is now complete
with the value for the pure Mg(OH)2 end-member, for
wh i ch we t ak e t he va l ue o f b r uc i t e , m 3º =
–832.16 kJ mol –1, from Altmeier et al. (2003). The
basic equation of the model and the parameters are
summarized in Table 4.
CHECK OF SOIL SOLUTION-FOUGERITE
EQUILIBRIUM
Soil solution was studied in the site where fougerite
was discovered (Trolard et al., 1996, 1997), in a gley
soil developed on granite at Fouge`res (Brittany, France)
and simultaneously three types of data were measured
(Feder, 2001): (1) Mo¨ssbauer spectra were acquired in
the field at different depths and times; (2) Eh and pH
were monitored in the groundwater at 70 cm depth every
hour, in a gley horizon; (3) the soil solution was sampled
every week or twice a month for complete analysis.
Mo¨ssbauer spectra show clear evidence of the
presence of fougerite, and the mole ratio x = Fe(III)/
Fetotal in the mineral decreases monotonically with
depth, from 0.64 to 0.34, as the milieu becomes more
and more reducing. At a given depth, when repeated
measurements are made at different times, significant
variations of x are observed, though the amplitude is
smaller than the entire variation in the profile. No values
were observed outside the range x = [ÃÙÅ, ÄÙÅ].
At the depth where the composition of soil solution
was monitored, x ranges from 0.59 to 0.61.
By definition, x = X2/(X1 + X2); hence with x = 0.6, X1
= 2X2/3. According to our model, ¼4 X24 ÃÙÅ. With X2
= ¼, we obtain: X1 = ÃÙÈ, and X3 = ÉÙÃÄ. With X2 = ÃÙÅ, we
obtain: X1 = ÄÙË, and X3 = ÆÙË.
By combining the data from Mo¨ssbauer spectroscopy
in the field and the structural and geochemical
constraints for fougerite composition, we can thus
solve the system and obtain the three mole fractions of
the components. The range of composition of fougerite
at that depth is thus between:
[Mg2+7/12Fe
2+
1/6Fe
3+
¼ (OH)2]
+¼[¼OH –] –¼,
designated as ‘fougerite1’ (F1)
and
[Mg2+ÆÙË Fe
2+
ÄÙË
Fe3+ÃÙÅ (OH)2]
+ÃÙÅ[ÃÙÅOH
–] –ÃÙÅ,
designated as ‘fougerite 2’ (F2).
Table 4. Basic equation and parameters of the regular ternary solid-solution model for hydroxy-
Fe(II)-Fe(III)-Mg(II) GR, fougerite, at 298.15 K and 1 bar.
Equation
m = X1m1º + X2m2º + X3m3º + RT [X1 ln X1 + X2 ln X2 + X3 ln X3] + A12X2 (1 – X2), (equation 31)
Thermodynamic parameters
Fe(OH)2 mº = – 489.8 kJ mol
–1
Fe(OH)3 (virtual) mº = +119.18 kJ mol
–1
Mg(OH)2 mº = – 832.16 kJ mol
–1
Non-ideality parameter A12 = –1456.28 kJ mol
–1
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Table 5. Geochemical characteristics of soil solutions from Fouge`res (Feder, 2001) (N = 68).
Date T (K) pH pe log (Fe2+) log (Mg2+) log IAPF1 log IAPF2
February 19 1999 280.15 7.3 –3.171 –3.2192 –3.682 29.14 22.59
February 22 1999 280.75 7.24 –3.162 –3.2669 –3.7055 28.74 22.28
February 26 1999 280.75 7.12 –3.298 –3.1798 –3.7981 27.97 21.71
March 1 1999 280.75 7.11 –3.297 –3.3108 –3.8118 27.77 21.52
March 5 1999 281.15 7.15 –3.049 –3.495 –3.8474 27.9 21.63
March 8 1999 280.65 7.52 –2.975 –3.405 –3.9167 29.93 23.26
March 11 1999 280.75 7.16 –3.162 –3.4033 –3.8488 27.98 21.69
March 16 1999 281.45 7.19 –3.037 –3.3255 –3.8661 28.27 21.96
March 19 1999 281.55 7.15 –3.054 –3.3688 –3.8448 28.03 21.75
March 26 1999 281.65 7.12 –3.14 –3.3212 –3.8141 27.9 21.65
March 29 1999 281.85 7.1 –3.193 –3.3636 –3.8877 27.62 21.43
March 31 1999 281.85 7.08 –3.227 –3.574 –3.9257 27.23 21.09
April 6 1999 282.75 7.11 –3.205 –3.421 –3.875 27.63 21.42
April 14 1999 282.65 7.1 –3.069 –3.3455 –3.8794 27.72 21.53
April 22 1999 282.25 7.07 –2.911 –3.3949 –3.8852 27.6 21.44
April 26 1999 282.45 7.11 –2.948 –3.5895 –3.9202 27.55 21.37
April 30 1999 283.05 7.31 –3.311 –3.4456 –3.9432 28.52 22.12
May 6 1999 284.05 7.24 –3.339 –3.4326 –4.2152 27.76 21.6
May 12 1999 284.35 7.08 –3.225 –3.5259 –3.9408 27.25 21.12
May 19 1999 284.15 7.24 –3.206 –3.4911 –3.9631 28.13 21.82
May 26 1999 284.45 7.37 –3.108 –3.5162 –3.9127 28.94 22.44
June 2 1999 285.55 7.37 –3.072 –3.5067 –3.9095 28.97 22.48
June 9 1999 285.35 7.4 –3.103 –3.4819 –4.0459 28.95 22.5
June 14 1999 285.25 7.41 –3.152 –3.504 –4.1734 28.78 22.39
June 18 1999 285.65 7.36 –3.124 –3.529 –3.8986 28.88 22.39
June 21 1999 285.85 7.28 –3.076 –3.5506 –3.9309 28.41 22.04
June 28 1999 286.05 7.31 –3.112 –3.57 –3.9202 28.55 22.13
July 1 1999 286.15 7.24 –3.147 –3.4891 –3.9258 28.22 21.89
July 5 1999 286.65 7.19 –3.153 –3.5945 –3.9605 27.8 21.54
July 8 1999 286.75 7.18 –3.188 –3.576 –3.9579 27.74 21.5
July 13 1999 287.25 7.19 –3.262 –3.6222 –3.9249 27.75 21.48
July 19 1999 287.35 6.85 –3.28 –3.6148 –3.9439 25.89 20.03
July 27 1999 287.75 6.49 –3.489 –3.5465 –3.9449 23.88 18.46
August 16 1999 287.75 6.42 –3.489 –3.7836 –4.0035 23.19 17.88
August 20 1999 287.45 6.4 –3.468 –3.5966 –4.0463 23.22 17.97
August 23 1999 287.65 6.42 –3.471 –3.6374 –4.0463 23.28 18.01
August 27 1999 288.05 6.45 –3.475 –3.7095 –4.0562 23.36 18.05
September 20 1999 287.35 6.28 –0.508 –4.759 –4.2918 22.84 17.88
September 21 1999 287.35 6.3 –0.255 –4.6622 –4.292 23.2 18.21
September 22 1999 287.25 6.4 –0.203 –5.2148 –4.2621 23.26 18.13
September 24 1999 287.25 6.4 –1.437 –4.4113 –4.2361 23.36 18.22
September 27 1999 287.35 6.37 –2.976 –3.9306 –4.2303 22.76 17.65
October 8 1999 286.05 6.68 –4.6 –3.6381 –4.063 23.99 18.41
October 11 1999 286.05 6.96 –4.498 –3.6099 –4.0562 25.6 19.68
October 15 1999 285.95 7.32 –4.7 –3.6958 –4.0325 27.37 21
October 22 1999 285.35 7.35 –4.269 –3.6936 –4.021 27.81 21.4
October 29 1999 285.35 7.36 –3.864 –3.5836 –4.0095 28.23 21.8
November 4 1999 285.35 7.4 –3.915 –3.5536 –4.0016 28.46 21.98
November 10 1999 284.55 7.6 –3.921 –3.5867 –3.9871 29.52 22.79
November 15 1999 283.85 7.68 –4.098 –3.6275 –3.9739 29.82 22.99
November 21 1999 282.85 7.74 –4.17 –3.6114 –3.9589 30.14 23.23
November 30 1999 282.65 7.85 –4.133 –3.6294 –3.9305 30.78 23.72
December 6 1999 282.65 7.87 –4.083 –3.589 –3.9465 30.93 23.86
December 15 1999 282.15 7.9 –4.093 –3.5524 –3.9384 31.14 24.02
December 23 1999 281.25 7.94 –4.047 –3.643 –3.9465 31.28 24.12
January 7 2000 281.35 8.07 –3.999 –3.7465 –3.9647 31.88 24.58
January 19 2000 279.75 8.01 –3.893 –3.8189 –4.0815 31.39 24.22
February 2 2000 279.45 8.17 –4.042 –3.8464 –4.0153 32.22 24.83
February 9 2000 280.15 8.14 –4.017 –3.827 –4.0813 32 24.69
February 15 2000 280.35 8.16 –4.036 –3.884 –4.1167 32 24.67
March 31 2000 281.65 8.02 –4.154 –3.7619 –4.0837 31.34 24.16
April 4 2000 281.55 7.9 –4.069 –3.6635 –4.0947 30.82 23.8
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The range of variation of mole fractions is narrow:
DX1 = ÃÙÃÊ, DX2 = ÃÙÃÄ, DX3 = ÇÙÅÈ. In the narrow range
where green rusts are stable X2 = ÉÙÆÆ, and according to
our assumption, m is minimal and can be considered as
constant, so that as a first approximation, fougerite can
be approximated as a solid of fixed composition (m :
mº) and the equilibrium reaction simply written in the
classical way, for which it is convenient to use mole
fractions:
[X1Fe(OH)2·X2Fe(OH)3·X3Mg(OH)2] +
X2e
– + (2X1 + 3X2 + 2X3)H
+ >
(X1 + X2)Fe
2+ + X3Mg
2+ +
(2X1 + 3X2 + 2X3)H2O (44)
and to which mass-action law can be directly applied as:
(X1 + X2)log(Fe
2+) + X3log(Mg
2+) +
X2pe + (2X1 + 3X2 + 2X3)pH = log K (45)
where log K is given by:
log K = – 1…ln 10†RT[(X1 + X2)DfG
o(Feaq.
2+) +
X3DfG
o(Mgaq.
2+ ) + (2X1 + 3X2 +
2X3)DfG
o(H2Ol) – m] (46)
in which m is the chemical potential of the solid, and can
be computed from our model, using equation 31, the
values of the parameters reported in Table 4 and the
values of Xi determined above. The computations are
made at 298.15 K and consistent with mº (Fe2+, aq.) =
–91.5 kJ mol –1 from Bourrie´ et al. (1999), mº (Mg2+,
aq.) = – 455.41 kJ mol –1 from Bratsch (1989).
The results obtained are m(F1) = –812.7 kJ mol –1
and m(F2) = –765.2 kJ mol –1, from which one obtains,
for ‘fougerite1’:
log(Fe2+) + ÉÙÇlog(Mg
2+) + ÄÉÙÇlogaw +
ÅÙÇpe + ÄÉÙÇpH = logKF1 = 10.4 (47)
and for ‘fougerite2’:
log(Fe2+) + ÆÙÇlog(Mg
2+) + ÄÃÙÇlogaw +
ÅÙÇpe + ÄÃÙÇpH = logKF2 = 13.1 (48)
Activities were computed, providing for formation of
ion pairs and for correction of deviation of non-ideality
of electrolyte solutions at the actual temperature of the
samples, by using the EQUIL(T) code, as earlier
(Bourrie´ et al., 1999) for a set of 68 soil solutions
sampled in Fouge`res from February 1999 to June 2000
(Feder, 2001). The complete set of data is given in
Table 5.
Solutions are largely undersaturated with respect to
all three pure end-members. For the two types of
fougerite considered: log IAPF1 values range from 22.8
to 32.2 (av. = 28.14, s = 2.62); log IAPF2 values range
from 17.6 to 24.8 (av. = 21.78, s = 2.).
The uncertainty in the values of log K obtained for
the mineral must be about ± 4 kJ mol –1, for 1 Fe atom in
the mineral, which gives ±0.7 logarithmic units. Large
supersaturations are observed for both ‘fougerite1’ and
‘fougerite2’. The larger the Mg content in the mineral,
the larger the supersaturations observed. It can thus be
concluded that fougerite forms from solutions largely
oversaturated, when Fe3+ coprecipitates with Fe2+ and
Mg2+. The presence of Mg has a very strong stabilizing
effect on the mineral.
IMPLICATIONS CONCERNING THE GENESIS OF
FOUGERITE, Mg AND Fe GEOCHEMISTRY
The implications for Fe and Mg geochemistry are as
follows: due to its extremely small solubility, Fe(III) is
absent from aqueous solution; when Fe oxides are
reduced, Fe2+ is released in solution, in milieus where
Mg2+ is generally present too. When oxidation occurs,
Fe3+ precipitates with Fe2+ and Mg2+ to give rise to
fougerite. The initial Fe/Mg in the mineral is fixed by
the composition of the solution. Then, fougerite is
oxidized progressively at constant Mg mole ratio, (path
from N to P, Figure 3). When the Fe(III) mole ratio
reaches its maximum X2 = ÃÙÅ, fougerite dissolves or
recrystallizes and lepidocrocite or goethite forms. The
new consequence is that Mg geochemistry is involved:
synthetic GR have been considered mainly with respect
to their capacity to absorb anions in a first step and then
to release them back to solutions. The same occurs here
with Mg.
April 6 2000 281.45 7.87 –3.915 –3.7811 –4.0651 30.68 23.67
April 14 2000 281.45 7.91 –3.898 –3.7022 –4.1409 30.88 23.87
April 20 2000 281.75 7.95 –3.868 –3.8145 –4.1375 31 23.94
May 9 2000 284.95 8.03 –4.264 –3.7276 –4.084 31.36 24.17
May 22 2000 286.05 7.92 –4.144 –3.7362 –4.1214 30.78 23.74
June 5 2000 286.45 7.9 –4.199 –3.8221 –4.1383 30.52 23.53
Average 283.92 7.29 –3.388 –3.6446 –3.9923 28.14 21.78
s 2.57 0.51 0.856 0.3321 0.1288 2.62 1.99
fougerite1: log IAP F1 = log(Fe
2+) + ÉÙÇlog(Mg
2+) + ÄÉÙÇlogaw + ÅÙÇpe + ÄÉÙÇpH; log KF1 = 10.4, see text
Fougerite2: log IAP F2 = log(Fe
2+) + ÆÙÇlog(Mg
2+) + ÄÃÙÇlogaw + ÅÙÇpe + ÄÃÙÇpH; log KF2 = 13.1, see text
Table 5. (contd.)
Date T (K) pH pe log (Fe2+) log (Mg2+) log IAPF1 log IAPF2
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NitriﬁcationSolute transportwas studied in a variable-charge soil (Nitisol)with two following pigmanure applications. There
were three identical soil columns (diameter= 37.5 cm; soil depth= 85 cm) equippedwith TDR probes and ten-
siometers, one ofwhich served as an untreated control. Dispersivities inferred using the CXTFIT 2.1 code present-
ed inverse patterns with depth for nitrate and chloride breakthrough curves, while the normalized intensities
had the same patterns with depth for both applications. For nitrates, the retardation factors steadily decreased
with depth from 4.85 and 3.57 at 17 cm depth to 2.1 and 1.86 PV (pore volume) at 85 cm depth for each column,
respectively. For chlorides, the retardation factor increased lineary with depth, from 1.05 at 17 cm depth to 1.76
and 1.86 PV at 85 cm depth. After the ﬁrst application, the mean difference between nitrate and chloride retar-
dation factors was 3.8 PV at 17 cm depth and it regularly decreased to 0.34 PV at 85 cm depth. For the second ap-
plication, the mean difference was 2.52 PV at 17 cm depth and it regularly decreased to 0 PV at 85 cm depth. The
kinetics of nitrate production by the pig manure nitriﬁcation process modiﬁed the pH, the ionic strength of the
soil solution and then the anionic exchange capacity. This could explain the high nitrate retardation factors
until 55 cm depth and the difference between nitrate and chloride retardation factors. The earlier chloride ad-
sorption at anionic exchange sites, combined with a selectivity coefﬁcient to the detriment of nitrates,
counterbalanced the delay in nitrate production due to the kinetic mineralisation of pig manure. Nitrate ﬂuxes
then caught up with the chloride ﬂuxes at the outlet.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Tropical and subtropical soils are affected by long intense
weathering (Van Wambeke, 1992), including Nitisols which are found
on about 200 million ha worldwide, especially in tropical Africa (IUSS
Working GroupWRB, 2007). They aremore productive than other trop-
ical soils, mainly due to some good chemical and physical properties, in-
cluding a stable soil structure and some deep and porous sola. Theset risque, F-97408 Saint Denis,soils are thus often intensively cultivated (Warren and Kihanda,
2001). Organic and mineral fertilizers are necessary to maintain the
soil fertility, but the application of such compounds represents a signif-
icant risk of environmental pollution (Cahn et al., 1993; Legros et al.,
2013). Field experiments are often conducted to measure leaching of
pollutants, such as nitrates, below the root depth. Indeed, when this
depth is exceeded, nitrates can generally not be used by crops and
could contribute to groundwater pollution (Wassenaar et al., 2014).
The mineralogy of Nitisols is dominated by iron and aluminium ox-
ides, as well as by kaolinite and (meta)-halloysite (Parﬁtt, 1978; Van
Wambeke, 1992). Consequently, they have positive charges on ampho-
teric mineral surfaces and develop an appreciable anionic exchange
239F. Feder et al. / Science of the Total Environment 511 (2015) 238–248capacity (AEC). Possible chemical reactions that could explain anion ad-
sorption can take place in the outer sphere and/or diffuse layers of soil
particles. These charges balance (in equivalent amounts) the positive
surface charges of soil particles (Qafoku et al., 2000). Their sum repre-
sents counter-ion charges or the anion exchange capacity in soil. Like
other variable-charge soils (Ferralsols, etc.), they have speciﬁc anion ad-
sorption properties. The order of competitive adsorption at anion ex-
change sites is phosphates N sulphates N chlorides N nitrates (Parﬁtt,
1978; Katou et al., 1996). These authors also suggest that native phos-
phates and sulphates are strongly adsorbed (speciﬁc adsorption),
while nitrate and chloride adsorption is nonspeciﬁc and largely due to
the increase in total anion adsorption and not to the desorption of
other species. Nitrate adsorption in several soils is completely revers-
ible, indicating a simple electrostatic retention mechanism, i.e. salt ad-
sorption (Toner et al., 1989; Bellini et al., 1996).
Katou et al. (1996) identiﬁed a major difﬁculty regarding the study
of solute transport in these soils—the pH and ionic strength of the soil
solution modiﬁes adsorption on solid phases and then the equilibrium
between the chemical composition of the soil solution and the adsorbed
phase. Different salts (CaCl2, KNO3, etc.) are commonly used to study
and explain these anion retention mechanisms in laboratory experi-
ments and to monitor anion transport (Wong et al., 1990; Bellini et al.,
1996; Vogeler et al., 1998). The physicochemical (pH, ionic strength, or-
ganic matter contents, etc.) and hydrodynamic conditions are thus
maintained constant. Very few studies, especially in situ studies, have
dealt with the dynamics of anions resulting from organic waste spread-
ing (Cahn et al., 1993; Warren and Kihanda, 2001; Feder and Findeling,
2007). Among the studied anions, nitrate dynamics have been assessed
because of the groundwater contamination potential in case of inappro-
priate agricultural practices (Payet et al., 2009; Wassenaar et al., 2014).
Nitrates are studied for their environmental impact, while chlorides are
studied simultaneously because they are not agricultural inputs and
could be used as inert tracers.
The kinetics of organic matter mineralization and ammonium nitri-
ﬁcation induce a lag between nitrate production and its leaching in
the soil and other chemical species contained in the same organic
matter (Paul and Clark, 1989; De Boer and Kowalchuk, 2001;
Feder and Findeling, 2007). This lag could induce speciﬁc and original
physicochemical conditions that couldmodify nitrate and chloride com-
petition and ﬂuxes in these soils. Furthermore, these physicochemicalTable 1
Physical and chemical characteristics of the studied soil and pig manure.
A horizon
Depth cm 0–15 15–30
pH (H2O) 5.80 5.95
pH (KCl) 4.72 4.88
C (org.) g·kg−1 18.3 20.7
N (tot.) g·kg−1 1.19 1.21
N–NH4 mg·kg−1 15.73 21.25
N–NO3 mg·kg−1 1.86 3.15
Cl− g·kg−1
AEC mol(−)·kg−1 0.0054
CEC mol(+)·kg−1 0.1963 0.2041
Base Sat. % 42.49 50.76
Fe (DCB) g·kg−1 9.52 9.47
Al (DCB) g·kg−1 91.81 92.95
Si (DCB) g·kg−1 3.39 3.69
Fe (ox.) g·kg−1 3.81 3.63
Al (ox.) g·kg−1 8.41 8.60
Si (ox.) g·kg−1 0.87 0.85
Clay % 74.13 71.74
Fine silts % 19.92 21.03
Coarse silts % 2.13 2.83
Fine sands % 1.78 2.18
Coarse sand % 2.04 2.22
Bulk density kg·dm−3 1.18 (0.01)a 1.11 (0.1)
Dry matter g·kg−1
a The standard deviation is in brackets.conditions are more representative of ﬁeld conditions than laboratory
studies in which nitrate and chloride salts are used.
This study was aimed at assessing whether repeated applications of
nitrates produced by pig manure mineralization, and hence asynchro-
nous with chloride leaching, changed the competition between nitrates
and chlorides for adsorption in a variable-charge soil, as well as the
leaching hazard of nitrates. Our study focused on: (i) the impact of ki-
netic nitriﬁcation of pig manure on nitrate production and leaching,
and (ii) the lag in the nitrate and chloride breakthrough curves, and
their retention in the soil. The strategy involved conducting laboratory
studies to accurately control water and solute ﬂuxes and to circumvent
the natural variability in soil properties. The experimental design
adopted for this purpose consisted of three instrumented soil columns.
The columnswere assembled so as to simulate in situ hydraulic proper-
ties. Two columns were amended with pig manure and the remaining
column was used as the untreated control. The columns were main-
tained under controlled climatic conditions. Pig manure was chosen
for its high nitrogen concentrations and its common use as nitrogen
and organic fertilizer.
2. Materials and methods
2.1. Study site at La Mare research station in Réunion
Réunion is a French island located 800 km east of Madagascar in the
southern Indian Ocean region. The main peak of this recent volcanic is-
land (Piton des Neiges, 3070mabove sea level) emerged 3million years
ago. The La Mare research station is located on the northern slope of
Piton desNeiges at 60m above sea level (55°53 E; 20°89 S).Mean annu-
al rainfall at the station is 2000mm,with amean annual temperature of
25 °C. Table 1 gives selected physical and chemical characteristics of the
soil. It was classiﬁed as a Nitisol (Feder, 2013), including: (i) a surface A
horizon (0–45 cm), and (ii) a nitic B horizon (45–150 cm).
2.2. Soil analysis
Pedological, agronomical and mineralogical analyses were per-
formed on soil samples. The initial soil analyses were performed on
samples collected in situ from the 0–15, 15–30, 30–45, 45–60, and
60–85 cm layers. The ﬁnal soil analyses (at the end of the study) wereB horizon Pig manure
30–45 45–60 60–80
5.88 6.50 6.77 7.67
4.85 5.64 5.87
15.5 8.5 5.2 356
1.13 1.13 1.15 63.4
12.17 7.53 4.87 2800
0.88 0.95 0.64 6
19
0.0090
0.1809 0.1655 0.1574
43.54 49.24 58.91
9.53 8.27 7.39
91.95 92.25 86.84
3.39 3.39 3.40
3.89 3.77 4.13
8.44 8.45 9.95
0.93 1.12 1.40
72.25 67.27 56.76
22.07 26.12 32.75
2.38 3.40 4.84
1.73 1.93 3.06
1.56 1.30 2.59
1.17 (0.03) 1.20 (0.03) 1.31 (0.02) 1.078
83.5
Fig. 1. Schematic diagram of the column showing vertical position of water sampling
(microlysimeter) and monitoring devices (TDR probes and tensiometers).
Table 2
Experimental parameters for the three columns once steady ﬂow was reached.
Depth (cm) Volumetric water
contents θ
Darcy velocity q
C1 C2 C3 C1 C2 C3
(m3·m−3) (m·s−1)
17 0.47 0.49 0.48 1.0 × 10−6 1.2 × 10−6 1.8 × 10−6
30 0.51 0.48 0.48 2.6 × 10−6 4.5 × 10−6 3.4 × 10−6
55 0.56 0.56 0.55 2.2 × 10−6 3. × 8 10−6 2.2 × 10−6
80 0.57 0.58 0.57 2.0 × 10−6 3.7 × 8 10−6 2.2 × 10−6
240 F. Feder et al. / Science of the Total Environment 511 (2015) 238–248performed on samples collected in soil columns at the following depths:
0–5, 5–10, 10–15, 15–30, 30–45, 45–60, and 60–85 cm. The pH (water)
and pH (KCl) of the initial and ﬁnal soils were measured according to
the NF ISO 10390 standard at a soil/water volume ratio of 1:5. Total C
and total N of the soil samples were analysed by dry combustion with
an element analyser (Thermoquest NC2100 Soil). The content ofminer-
al forms of N (NH4 and NO3) in the soil samples was measured in solu-
tion after KCl (1 M) extraction at a soil/water volume ratio of 1:5 and
assayed by continuous ﬂow colorimetry (Alliance Instruments). We
measured the cation exchange capacity (CEC) by the ammonium ace-
tatemethod at pH7. TheAEC of the initial soilwasmeasured on samples
collected at 30 cm (surface horizon) and 60 cm (nitic horizon) depths
using the method described by Gillman and Sumpter (1986). We used
the recommended analytical procedures (IUSS Working Group WRB,
2007) to measure Al, Si and Fe elements extracted by oxalate and
dithionite-citrate-bicarbonate (DCB). Extractable Al, Si and Fe were
assayed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Varian Vista spectrometer equipped with a coupled-charge
detector device). All samples were analysed for particle-size distribu-
tion analysis by the pipette method using an automated analyser
(Texsol 24B instrument) and according to the standard procedure ap-
plied to all soils: samples were treated with H2O2 to remove organic
matter, dispersedwith a sodium hexametaphosphate solution, andme-
chanically shaken (Alary et al., 2013). Coarse sand and ﬁne sand frac-
tions were obtained by sieving; clay, ﬁne silt and coarse silt fractions
were obtained by pipetting. The mineralogy of this soil was similar for
both horizons. Powder diffraction (XRD) was performed with a Philips
PW 3710 diffractometer with Bragg–Brentano geometry. We found
four iron oxides (magnetite, hematite, maghemite, and goethite), titani-
um–iron oxides (ilmenite), aluminium oxyhydroxide (gibbsite) and sil-
icates (halloysite, kaolinite, quartz and feldspath). Bulk densities were
measured with three 100 cm3 samples of undisturbed soil collected in
the ﬁeld at three different depths for the A horizon and at two depths
for the B horizon (IUSS Working Group WRB, 2007). The saturated hy-
draulic conductivity Ks (m·s−1) was measured in the ﬁeld using a
permeameter ring (0.4 m diameter) at the soil surface.
2.3. Soil column assembly
Soil columnswere assembled to reproduce in situ conditions.We as-
sembled three identical soil columns, i.e. C1, C2, and C3, in a 0.375m di-
ameter × 1 m long PVC tube (Fig. 1). The bottom of each column was
closed with a plexiglass plate that was slightly sloped (1 cm) to channel
drained water towards the outlet. The A horizon consisted of three dis-
tinct soil layers (0–15, 15–30 and 30–45 cm) in order to take slight dif-
ferences in organic matter contents and bulk densities into account. The
B horizon was assembled with two distinct soil layers (45–60 and
60–85 cm) in all three columns. Soil was collected at the La Mare re-
search station and roughly sieved (5 mmmesh) without drying to re-
duce sieving artefacts and to preserve the soil microstructure. The ﬁve
layers were assembled in C1, C2 and C3 columns, while maintaining
the soil bulk densities measured in situ. C1 and C2 were used to assess
the impact of pig manure amendment of the soil, while C3 was the un-
treated control. Soil in the C1, C2 and C3 columns had not been previ-
ously cropped, thus avoiding bias from crop cover and enabling us to
focus solely on evaluating nitrate and chloride leaching risks.
The pore volume (PV) was calculated for the 0–17, 0–30, 0–55 and
0–85 cm layers using the equation:
PV ¼ 1−BD
PD
with BD (kg·dm−3) corresponding to the bulk density measured in situ
and PD (kg·dm−3) corresponding to the particle density estimated at
2.7 kg·dm−3 for this soil. The hypothesis that the entire water contentwas involved in water ﬂow was checked in the Results and discussion
section (Table 2).2.4. Hydrodynamic measurements and transport parameters
Each column was equipped with instruments to monitor the volu-
metric water contents and ﬂuxes. Time domain reﬂectometry (TDR)
probes (CS616, Campbell Scientiﬁc) and microtensiometers (Sdec,
France) were set at 17, 30, 55 and 80 cmdepth in the three soil columns
to measure volumetric water contents θ (m3·m−3) and matrix poten-
tials of soil water, respectively. Tipping bucket rain gauges (ARG100,
Campbell Scientiﬁc) were placed at the outlet of each column and
used as limnigraphs to assess drainage ﬂow continuously. All of these
instrumentswere connected to a datalogger (CR10X-2M, Campbell Sci-
entiﬁc) with measurements recorded at 10 min intervals. We placed a
tray near the soil columns to estimate the extent of evaporation from
C1, C2 and C3 via gravimetric measurements.
241F. Feder et al. / Science of the Total Environment 511 (2015) 238–248The Darcy velocity q (m·s−1) was calculated using Darcy's law:
q ¼ Ks  S 
Hz2−Hz1
z2−z1
with Ks (m·s−1) representing the saturated hydraulic conductivity, S
(m2) the surface of the column, and H (m) the total potential of water
in the soil measured using microtensiometers at the different depths z
(m).
Drainage ﬂow across each horizon was calculated on the basis of the
mass conservation law:
Dr ¼ WA – Ev – WSa – ΔWR
with Dr (m) representing the drainage, WA (m) the water application,
Ev (m) the evaporation, WSa (m) the water sampling, and Δ WR
(m) the variation in the volumetric water content of soil measured by
TDR probes.
Transport parameters (dispersivity λ (m) and retardation factor R
(pore volume)) were determined using the CXTFIT 2.1 code (Toride
et al., 1995). The dispersivity λ (m) was calculated using the following
equation:
λ ¼ D
ν
with D being the coefﬁcient of dispersion (m2·s−1) used in CXTFIT 2.1
code,with ν ¼ qθwhere q is the Darcy velocity (m·s−1) and θ is the vol-
umetric water content (m3·m−3).
R is the retardation factor of a chemical species relative to a non-
reactive species. For non-reactive ions, the centre of gravity of a break-
through curve should be at one pore volume for the corresponding
depth after the centre of gravity of the input application (R= 1). With
some constant bulk density ρ (kg·dm−3) and volumetric water content
θ (m3·m−3) values, the higher retardation factor corresponded to an-
ionic or cationic retention in the soil deﬁned by the distribution coefﬁ-
cient KD (dm3·kg−1). R is thus deﬁned by:
R ¼ 1þ KD
ρ
θ
:
Nitrate and chloride concentrationswere normalized by reference to
the input concentration, while volumes were normalized by reference
to the pore volume of the considered layer or the whole column. Exper-
imental chloride concentrations (C) were normalized by reference to
the input concentration (C0) of pig manure. To normalize the total con-
centrations of mineral nitrogen (Nmin.) by reference to the input con-
centration, we considered that nitriﬁcation of ammonium from pig
manure was rapid at the beginning of the experiment and complete.
Consequently, we ﬁnally only considered the nitrate form ofmineral ni-
trogen. This hypothesis is checked in the Results and discussion section.
2.5. Water and manure inputs
Water and pig manure applications were representative of typical
environmental conditions in Réunion. The columns were initially irri-
gated regularly for 48 days in order to homogenize the soil chemical
proﬁles and to enable pore restructuring, thus limiting sieving artefacts:
2000mm corresponding to 4.15 PV. We then beganmeasurements and
water sampling on day 0. On days 11 (corresponding to 0.9 PV) and 72
(corresponding to 4.45 PV), 0.735 kg of pig manure (Table 1) was ap-
plied on the surface of C1 and C2, followed by 0.29 dm3 of water,
while the C3 control remained untreated. This pig manure dosage was
calculated to be equivalent to the application of 370 m3·ha−1Fig. 2. Experimental points and modelling of nitrate (left) and chloride (right) breakthrough cu
(pore volume) for the whole column; arrows correspond to pig manure applications.containing 6.34 g·kg−1 of the total mineral nitrogen, which is a typical
maximum for manure spreading practices in Réunion (Payet et al.,
2009; Legros et al., 2013). The C3 control received 0.9 dm3 of water,
which was equivalent to the amount of moisture contained in the ma-
nure dose and the water addition. After manure amendment, C1, C2,
and C3 were irrigated with identical amounts of water twice a week
for 4 months. Each column received 22.09 dm3 of water weekly, corre-
sponding to 200mmor 0.415 PV. Thus, 3300mmofwaterwas added to
reproduceﬁeld conditions over a 1.5 year period and twowell separated
manure amendment applications were carried out.
2.6. Soil solution analysis
The soil solution was regularly sampled and analysed. The soil solu-
tion was sampled at 17, 30 and 55 cm depth with small zero-tension
microlysimeters inserted when the columns were assembled. These
microlysimeters were made by covering an open PVC bottle (1.5 cm di-
ameter), without cap, with an inert cloth. This inert cloth had a very ﬁne
mesh and prevented soil particles from penetrating into the bottle. This
was certiﬁed by the clarity of the water samples collected. The leached
water accumulated gradually in the bottle and was extracted regularly
after each irrigation using a teﬂon capillary positioned at the bottom
of the bottle and out of the column. The top of these microlysimeters
corresponded to the sampling depth. Fourmicrolysimeters were placed
at each depth in the three columns to collect sufﬁcient quantities of
leachate. At the outlet (85 cm depth), drained water was cumulated
after each irrigation. A mean sample of irrigation water was collected
eachweek bymixing, in equivalent amounts, two samples. All soil solu-
tion samples were ﬁltered at 0.45 μm and divided into three aliquots.
Right after sampling, the ﬁrst untreated aliquot was used for the physi-
cochemical analyses: pH, oxido-reduction potential, electric conductiv-
ity, and dissolved oxygen. The pHwasmeasuredwith an ISFET electrode
(Senstron, Hot-line). The oxido-reduction potential wasmeasured with
a platinum electrode against a standard Ag/AgCl electrodewith temper-
ature correction. Electric conductivity was measured with a standard
conductivity cell (WTW, TetraCon 325), and the temperature was
corrected to 25 °C. Dissolved oxygen was measured with a Clark-type
electrode (WTW, FDO 925). The second aliquot was acidiﬁed with
HNO3 (suprapure) to quantify chlorides using ICP-AES spectrometry
(Varian Vista). The third aliquot was used to quantify nitrate and am-
monium by continuous ﬂux colorimetry (Alliance Instruments). The
last two aliquots were maintained at 4 °C before analysis. An aliquot of
water was collected before each application and analysed along with
the soil solution.
2.7. Pig manure analysis
Table 1 gives the physical and chemical characteristics of pig ma-
nure, which came from a small farrow-to-ﬁnish swine production
farm with a herd of around 10 sows. The manure pH and electric con-
ductivity measurements were obtained in the same way and with the
same instrumentation as for the soil solutions. Nitrate and ammonium
were measured immediately by continuous ﬂux colorimetry (Alliance
Instruments). Total C and total Nwere determined by the Dumasmeth-
od using an element analyser (Thermoquest NC2100 Soil). Chlorides
were assayed on the soluble fraction, after 0.45 μm ﬁltration, by ICP-
AES spectrometry (Varian Vista).
2.8. Statistical analysis
Transport parameters (dispersivity, intensity and retardation fac-
tor), determined using the CXTFIT 2.1 code, were estimated using therves at 17, 30, 55 and 85 cm depths for C1 and C2 columns according to the applied water
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Table 3
Coefﬁcient of determination (R2) for each simulation of observed versus predicted regres-
sion and the mean squared error (MSE).
Nitrates Chlorides
Depth (cm) Application R2 MSE × 103 R2 MSE × 103
Column 1 17 1 0.95 0.44 0.99 0.08
2 0.91 1.36 0.74 0.39
243F. Feder et al. / Science of the Total Environment 511 (2015) 238–248nonlinear least squares method. For each CXTFIT 2.1 simulation,
the code provided a coefﬁcient of determination (R2) of observed (ex-
perimental data) versus predicted regression and the mean squared
error (MSE). The conﬁdence intervals, mean and standard deviation
for data obtained in the column experiments were calculated with
OriginPro 8.0 software using the Student t-test at the 95% conﬁdence
level.30 1 0.72 7.59 0.97 0.24
2 0.97 0.19 0.71 0.44
55 1 0.97 0.22 0.99 0.10
2 0.97 0.32 0.99 0.05
85 1 0.97 0.08 0.87 0.45
2 0.87 0.38 0.90 0.12
Column 2 17 1 0.91 0.44 0.98 0.14
2 0.98 0.09 0.81 0.36
30 1 0.94 0.31 0.71 0.66
2 0.93 0.37 0.93 0.79
55 1 0.93 0.55 0.99 0.11
2 0.98 0.41 0.97 0.39
85 1 0.98 0.11 0.97 0.15
2 0.92 0.28 0.96 0.133. Results and discussion
3.1. Hydrodynamic patterns of soil columns and ﬂux modelling
We checked whether the experimental setup could closely repro-
duce ﬂows that occur in ﬁeld soil by calculating the Darcy velocity, the
hydraulic conductivity and bymeasuring the volumetric water contents
and the total water potential in the soil. For each irrigation, once the sat-
urated steady ﬂow was reached, the volumetric water contents
(Table 2) measured by TDR probes were similar, at a given depth, for
the three columns throughout the measurement period and indicated
almost saturated volumetric soil moisture contents θ (m3·m−3). Differ-
ences between the three columns were minor (Δθ b 0.03m3·m−3) and
close to themeasurement error. For each column, the drainage ﬂow and
Darcy velocity at four depths (17, 30, 55 and 80 cm) were calculated
from the mass conservation and Darcy's laws. The hydraulic conductiv-
ity was then deduced from Darcy's law for the same duration at the
same depths. These calculations gave very close values for the
three columns and were in line with the saturated hydraulic conductiv-
ity measured in situ with a permeameter ring at saturation: 3.6
× 10−6m·s−1. The hydraulic properties of the three columnswere sim-
ilar and close to those of in situ soil. The three soil columns could thus
accurately replicate the hydrodynamic behaviour of in situ soil.
The transport of nitrates and chlorides in repacked soil columns
should be described by an equilibrium convection–dispersion equation.
Molecular diffusionwas neglected in relation to dispersion; according to
Toride et al. (1995), this hypothesis was valid for high Darcy velocities,
as in our study (Table 2). The mobile–immobile model was not used in
our study. Several studies have shown that simulations with the mo-
bile–immobile model were rather better than without it (Vogeler
et al., 1998). However, it required estimation of several other model pa-
rameters for only a slight improvement in the simulation. Seyfried and
Rao (1987) obtained better simulation under 0 or 0.1 kPa tension and
with asymmetric breakthrough curves, but not under tensions higher
than 0.1 kPa with quite symmetric breakthrough curves like ours.
After each pig manure application, C1 and C2 breakthrough curves for
nitrates and chlorides were ﬁtted with CXTFIT 2.1 to deduce and com-
pare the dispersivity, the normalized C/C0 intensity, and the retardation
factor of each curve (Fig. 2). Our ﬁtted curves were symmetrical, so the
deterministic linear equilibrium adsorption model for the convection–
dispersion equation could thus be used suitably to deﬁne transport pa-
rameters for nitrates and chlorides (Toride et al., 1995). The break-
through curve for C3, i.e. the untreated control, was not presented
because the C/C0 ratio was never signiﬁcantly different from the C1
and C2 baselines outside of the nitrate and chloride peak. The pore vol-
ume on the x-axis in Fig. 2 was always calculated for the whole column
(0–85 cm depth) to compare the progression of the breakthrough
curves at the different depths. Differences between the predicted break-
through curves obtained with CXTFIT 2.1 and the experimental data
were always negligible (Fig. 2). This was supported by MSE and the
coefﬁcient of determination (R2) for each simulation of the observed
versus predicted regression (Table 3). The nitrate and chloride
breakthrough curveswere symmetrical and presented Gaussian shapes,
which indicated that these solute transfers occurred under physical
and chemical equilibrium. The deterministic equilibrium convection–
dispersion equation could thus be used to calculate transport
parameters.3.2. Characteristics of the nitrate and chloride breakthrough curves
The dispersivities presented an inverse pattern with depth for ni-
trates and chlorides. The dispersivities obtained with CXTFIT 2.1 and in-
ferred from the nitrate breakthrough curves decreased from 8.48 and
8.79 mm at 17 cm, respectively, for the ﬁrst and second applications,
to 3.33 and 2.62mmat 85 cmdepth (Table 4). These nitrate dispersivity
valueswere similar after the ﬁrst and second applications for all depths.
For chlorides, the dispersivities inferred from the breakthrough curves
respectively increased from 0.69 and 3.1 mm at 17 cm depth for the
ﬁrst and second applications to 4.28 and 4.55 mm at 85 cm depth.
However, at 17, 30 and 55 cm depth, respectively, the chloride
dispersivities were signiﬁcantly lower after the ﬁrst application (0.69,
0.71 and 4.55 mm), than after the second (3.1, 1.1 and 9.35 mm). Fur-
thermore, thenitrate dispersivity breakthrough curveswere signiﬁcant-
ly (t-test b 0.05) higher at 17 and 30 cm depths than the curves plotted
for chlorides, and they were lower at 55 and 85 cm depths.
The normalized C/C0 intensities of the nitrate and chloride break-
through curves showed the same pattern with depth for both applica-
tions (Table 4). The normalized C/C0 intensities of the nitrate
breakthrough curves presented a slight increase from 0.23 and 0.28 at
17 cm depth to 0.29 and 0.36 at 55 cm depth. At 85 cm depth, the nor-
malized C/C0 intensities were signiﬁcantly lower (t-test b 0.05), with a
value of 0.16 for both applications and good reproducibility (0.02 stan-
dard deviation). The normalized C/C0 intensities of the chloride break-
through curves showed a similar pattern as compared to nitrates.
Indeed, at 17 cm depth, the normalized C/C0 intensities of chlorides
were slightly different for the ﬁrst and second applications (0.4
and 0.22). However, at 30 and 55 cm depth, the normalized C/C0 inten-
sities were similar, with a value of around 0.3 and then it decreased
signiﬁcantly to 0.17 and 0.14 at 85 cm depth. Furthermore, at 55 and
85 cm depth, all the normalized C/C0 intensities were statistically simi-
lar (t-test b 0.05) for nitrates and chlorides.
The nitriﬁcation kinetics inﬂuenced the pattern of the dispersivities
and the normalized C/C0 intensities for nitrates and chlorides until
55 cm depth. The normalized C/C0 intensities were closely related to
the dispersivity (Toride et al., 1995) and decreased (logically) with
depth, as observed in other studies (Feder and Findeling, 2007).
Dispersivity depended on various physical factors (Vanderborght
et al., 2001) such as the water ﬂow conditions (transient or steady
state), the soil structure, the soil rebuild in the column (undisturbed
soil or not), and the porosity. Moreover, the dispersion coefﬁcient was
not very sensitive (Tang et al., 2009). Our average dispersivity values in-
ferred from the nitrate and chloride breakthrough curves were similar
Table 4
Average normalized C/C0 intensities and dispersivities inferred from the nitrate and chloride breakthrough curves at four depths, for the ﬁrst and the second pig manure applications, for
the two C1 and C2 columns.
Depth (cm) Normalized C/C0 intensities Dispersivities (mm)
Nitrate breakthrough curves Chloride breakthrough curves Nitrate breakthrough curves Chloride breakthrough curves
First application Second application First application Second application First application Second application First application Second application
17 0.23 (0.03)a 0.28 (0.04) 0.40 (0.06) 0.22 (0.07) 8.48 (0.06) 8.79 (0.07) 0.69 (0.04) 3.10 (0.02)
30 0.21 (0.01) 0.25 (0.02) 0.31 (0.02) 0.28 (0.04) 6.77 (0.24) 6.25 (0.05) 0.71 (0.02) 1.10 (0.05)
55 0.29 (0.01) 0.36 (0.05) 0.30 (0.02) 0.29 (0.06) 2.26 (0.08) 2.29 (0.09) 4.55 (0.15) 9.35 (0.05)
85 0.16 (0.02) 0.16 (0.02) 0.17 (0.03) 0.14 (0.01) 3.33 (0.04) 2.62 (0.09) 4.28 (0.18) 4.55 (0.17)
a The standard deviation is in brackets.
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Vanderborght and Vereecken, 2007). This could be explained by the
similar methodology and the homogeneity of the repacked soils in the
column. Our average dispersivity values were an order of magnitude
lower than reported in several studies with intact soil columns
(Magesan et al., 2003; Prado et al., 2011). The dispersivitywas generally
independent of the Darcy velocity and lower for well-structured soils
like ours than for weakly structured soils (Vogeler et al., 1998;
Magesan et al., 2003; Vanderborght and Vereecken, 2007). The
dispersivities inferred from the chloride breakthrough curves increased
with depth, as observed in many studies (Vogeler et al., 1998;
Vanderborght and Vereecken, 2007). In contrast, the dispersivities in-
ferred from the nitrate breakthrough curves decreased until 55 cm
depth and became statistically similar to the chloride dispersivities at
55 and 85 cm depths. This unexpected pattern could thus be explained
by these kinetics of nitrate production via the nitriﬁcation process near
the surface; the time step of the nitrate pulse input was delayed andFig. 3. At 17 cm depth for column 1 and the control column, concomitant variations in pH, an
content (in %) of the column 1 at 17 cm depth.longer. This effect was mitigated with depth until it disappeared at 55
and 85 cm depths.
3.3. Impact of pig manure nitriﬁcation on the soil solution
The fast and almost complete pig manure nitriﬁcation process was
conﬁrmed in the soil solution by the acidiﬁcation, the low ammonium
concentration and the high nitrate concentration. Mineralisation of pig
manure, like other organic amendments, enhanced acidiﬁcation in soil
because the nitriﬁcation process produced nitrates and protons from
ammonium (Paul and Clark, 1989; De Boer and Kowalchuk, 2001;
Goss et al., 2013). After 28 days, the mineralized carbon rate of pig ma-
nure on this Nitisol ranged from 30 to 33% of organic carbon added
(Doelsch et al., 2010). The ammonium concentrations in the soil solu-
tion were always low (0.02 to 0.1 mg·l−1) at all sampling depths and
were not different between the C3 untreated column and the C1 and
C2 amended columns (Fig. 3). At 17, 30, and 55 cm depths, the soild nitrate and ammonium concentrations (mg/l). On the upper part, the volumetric water
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Fig. 5. Nitrate and chloride retardation factors for the C1 and C2 columns and for the ﬁrst
(BTC1) and the second (BTC2) pig manure applications at 17, 30, 55 and 85 cm depths.
Pore volume was calculated speciﬁcally for each depth.
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quickly from0.2 to 0.5 units, by comparison to the C3 untreated column,
after theﬁrst and the second pigmanure applications, when therewas a
pore volume of 1.5 (Fig. 4). At 85 cm depth, the soil solution pH in C1
and C2 amended columns were not signiﬁcantly different from the C3
untreated column after the ﬁrst application. This acidiﬁcation of
the soil solution following nitriﬁcation has already been observed
(Cooper, 1975; Paul and Clark, 1989; Feder and Findeling, 2007). The ni-
triﬁcation process generated acidiﬁcation and also nitrates. The nitrate
concentration in pigmanure (6mg·kg−1) was insigniﬁcant by compar-
isonwith the concentration in the soil solution and the ammoniumcon-
centration in the pig manure (28,00mg·kg−1). All nitrates measured in
soil solutions at the different depths came only from the pig manure ni-
triﬁcation process. Indeed, nitrate production via the natural
mineralisation of soil organic matter should be negligible as compared
to nitrate production via pig manure mineralisation during the same
several day period (Cooper, 1975; Bengtsson et al., 2003; Payet et al.,
2009). This was conﬁrmed by the ﬁndings for the C3 untreated column,
which showed the same baseline values for nitrate concentrations as
the amended columns outside the nitrate breakthrough curves, and by
the nitrate and ammonium concentrations extracted by KCl in the
soils of the C1 and C2 amended columns at the end of the experiment.
The pig manure nitriﬁcation process was clearly fast and almost com-
plete in the ideal conditions of our study (Bengtsson et al., 2003; Paul
and Clark, 1989): constant temperature of 25 °C, soil pH below6, and al-
ternating wetting–drying sequences in the surface horizon.
3.4. Retardation factors for nitrates and chlorides at the different depths
Retardation factors inferred from the breakthrough curves were
signiﬁcantly different for nitrates and chlorides at the outlet after the
ﬁrst application but not after the second. At 17, 30 and 55 cmdepths, ni-
trate and chloride retardation factors were always statistically different
(t-test b 0.05) for both applications (Fig. 5). At the outlet (85 cmdepth),
the mean retardation factor values for nitrates were 2.1 PV and 1.86 PV,
respectively, after the ﬁrst and the second applications, while they
were 1.76 PV and 1.86 PV for chlorides. These retardation factors for ni-
trate and chloride breakthrough curves were thus signiﬁcantly different
(t-test b 0.05) at the outlet after the ﬁrst pigmanure application but not
after the second. Furthermore, the retardation factors were always dif-
ferent for nitrates at all depths between the ﬁrst and the second applica-
tions. The retardation factors for chlorides were similar for both
applications, except at 30 cm depth (1.03 and 1.29, respectively after
the ﬁrst and the second applications).
The kinetics of nitrate production by the nitriﬁcation process and the
AEC explained the high nitrate retardation factors until 55 cm depth.
Several reference soil groups are able to retain anions because they
have positive surface charges on their constituent minerals; these
charges are either permanent or variable with pH, e.g. in highly devel-
oped soils (nitisols, ferralsols, etc.) or andosols. The presence of this
AEC was the main reason to explain the retardation factors of greater
than 1 for anions (Parﬁtt, 1978;Wong et al., 1990). However, our retar-
dation factors for nitrates at 17 cm depthwere signiﬁcantly higher than
in other studies. For 30 acid variable-charge subsoils like ours but col-
lected in southeastern USA and other subtropical and tropical areas,
Qafoku et al. (2000) measured retardation factors from 0.9 to 3.12
pore volumes. On an Andosol, Prado et al. (2011) measured some ni-
trate and bromide retardation factors from 1.5 to 2.3 pore volumes,
with some ranging from 1.16 to 1.61 pore volume for nitrates and chlo-
rides on packed and intact soil columns. At 17 cmdepth, our retardation
factors were 4.85 and 3.57 pore volumes after the ﬁrst and the second
pig manure application, respectively. The soil AEC could not solely ex-
plain these differences because our values were never signiﬁcantlyFig. 4. pH of the soil solution at 17, 30, 55 and 85 cmdepths for C1 and C2 columns amendedwi
pig manure applications according to the applied water (pore volume) for the whole column.higher than those of other studies (Table 1). Furthermore, the differ-
ences in afﬁnity to adsorption sites between monovalent anions, such
as bromides, nitrates and chlorides, were not sufﬁcient to explain the
differences in our retardation factors (Parﬁtt, 1978; Katou et al., 1996).
Pigmanuremineralisation had to be taken into account in our study. In-
deed, the nitriﬁcation process was described by ﬁrst order kinetics by
Mary et al. (1998), but it was dependent on many local factors such as
soil humidity, temperature or soil microbiology (Bengtsson et al.,
2003). The shapes of our nitrate breakthrough curveswere always sym-
metrical (Fig. 2), which means that nitrates produced by the nitriﬁca-
tion process corresponded mainly to a well-deﬁned pulse input, like
chlorides from the pig manure. In the conditions of our experimenta-
tion, an asymetric breakthrough curve would have revealed a physical
or chemical nonequilibrium process (ﬂuxes, adsorption). The retarda-
tion factors of the nitrate breakthrough curves at 17 cm depth were
thus directly related to the time step of this pulse input and its applica-
tion time. The nitriﬁcation process induced a time lag in nitrate produc-
tion, and then the arrival timewas shifted at 17 cmdepth and deeper in
the soil columns. This time lag was greater at shallow depth and the re-
tardation factor was thus higher near the surface. The time lag gradually
diminished with depth and was no longer detected beyond 55 cm
depth.
Pig manure nitriﬁcation modiﬁed the chemistry of the soil solution
and thus the competition for anion adsorption. In our experiment, the
nitriﬁcation process induced acidiﬁcation of the soil solution until
55 cm depth, while the ionic strength of pig manure leaching was
lower until the nitrates were produced. The increased ionic strength
was directly correlated with the increase in major chemical species in
solution, especially nitrates. Qafoku et al. (2000) demonstrated that
anion adsorption increased when the soil pH or leaching solution con-
centration decreased. Katou et al. (1996) reported that the adsorption
of monovalent anions such as chlorides and nitrates was directly corre-
lated with the ionic strength of the soil solution. In our study, however,
pig manure nitriﬁcation induced a delay in nitrate production and acid-
iﬁcation. In the soil solution, the pH decreased while the ionic strength
increased simultaneously with time—both of these effects were antago-
nistic regarding the modiﬁcation of anionic adsorption. Our soil
columns were then saturated at ﬁrst by chloride ﬂuxes followed by
nitrates, but with some differences in pH and ionic strength; the
competition for adsorption between chlorides and nitrates was notth pigmanure, while the C3 columnwas the untreated control. Arrows correspond to both
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showed that anion adsorption on variable-charge soils was completely
reversible, indicating electrostatic retention. For Katou et al. (1996), ni-
trate ions have a smaller afﬁnity to adsorption sites as chlorides and
show greater penetration in the presence of chlorides i.e. higher nitrate
ﬂuxes. These modiﬁcations in the chemistry of the soil solution ex-
plained the high nitrate retardation factors and the marked decrease
until the outlet, where the nitrate ﬂuxes caught up with the chloride
ﬂuxes. Althoughnitrateswere producedwith a delay because of pigma-
nure nitriﬁcation and, although soil has an afﬁnity for nitrate adsorption
like chlorides, nitrate ﬂuxes caught up to the chloride ﬂuxes at the
outlet.
The AEC and kinetics of the nitriﬁcation process explained the differ-
ence in retardation factors for nitrates and chlorides until 55 cm depth.
The soil solution at 17 and 30 cm depths was sampled in the A horizon,
with an AEC of 0.0054 mol(−)·kg−1, while the soil solution sampled at
55 and 85 cm depths corresponded to the B horizon, with an AEC of
0.009mol(−)·kg−1 (Table 1). The linear increasewith depth of the chlo-
ride retardation factors could simply be explained by the higher AEC in
the deeper soil horizon because the nitriﬁcation process produced ni-
trates but did not affect chloride production. Indeed, several studies
have demonstrated the close correlation between the retardation factor
for an anion and the AEC (Parﬁtt, 1978; Bellini et al., 1996; Qafoku et al.,
2000). However, the nitrate retardation factors presented an inverse
pattern and the nitrate and chloride retardation factors differed mark-
edly near the surface and decreased until the outlet. The time step of
the pulse input for nitrates was then delayed and longer than for chlo-
rides, which induced a signiﬁcant difference for the retardation factors.
This difference decreasedwhen the time lag diminishedwith depth and
with themodiﬁcation in the chemistry of soil solution, as in our columns
beyond 55 cm depth. At the outlet, the nitrate and chloride retardation
factors were similar and their differences were negligible because com-
petitive adsorption on the soil between these anions counterbalanced
the nitriﬁcation process.
Retardation factors inferred from the breakthrough curves increased
linearly with depth for chlorides and decreased with depth for nitrates,
but linearly only from 30 to 85 cm depth. To compare the retardation
factors for the different sampling depths, we calculated the total pore
volume for each corresponding depth: 0–17, 0–30, 0–55 and 0–85 cm.
To facilitate the comparison of the ﬁrst (BTC1) and second (BTC2) pig
manure applications, these lag values were corrected for each applica-
tion by subtracting 0.9 and 4.45 pore volumes, which respectively
corresponded to the exact time of theﬁrst and secondpigmanure appli-
cations. Fig. 5 presents these retardation factors for the nitrate and chlo-
ride breakthrough curves as a function of the soil depth for the two
amended columns (C1 and C2) and after both pig manure applications.
For chlorides, the retardation factor increased linearly with depth, from
1.05 PV at 17 cm depth to 1.76 and 1.86 PV at 85 cm depth (mean
slope = 0.0125; mean intercept = 0.769; R2 ranged from 0.9 to 0.97).
For nitrates, the retardation factors decreased continuously with
depth, from 4.85 and 3.57 at 17 cm depth to 2.1 and 1.86 PV at 85 cm
depth. This decrease was linear only from 30 cm to 85 cm depth
(mean slope = −0.0097; mean intercept = 2.761; R2 ranged from
0.82 to 0.99). The absence of chemical transformation and the constantTable 5
Meandifference between nitrate and chloride retardation factors after theﬁrst and second
pig manure applications. Pore volume was calculated speciﬁcally for each depth.
Depth (cm) Difference between the retardation factors
(nitrates–chlorides)
First application Second application
17 3.80 (0.15)a 2.52 (0.27)
30 1.67 (0.14) 1.04 (0.32)
55 0.84 (0.22) 0.43 (0.14)
85 0.34 (0.12) 0.00 (0.13)
a The standard deviation is in brackets.increase in chloride adsorption in soil explained the linear increasewith
depth of the retardation factor for chlorides. On the contrary, the non-
linear decrease with depth of the retardation factor for nitrates could
be explained by several factors. First, on the surface, the nitriﬁcation
process induced a delay in nitrate production, which explained the
higher retardation factor at 17 cm depth. Secondly, the linear decrease
in the retardation factor from 30 to 85 cmdepth corresponded to a con-
stant decrease in nitrate adsorption in soil jointly with the increase in
chloride adsorption. As previously presented, the main reason was the
modiﬁcation in the chemistry of the soil solution and the higher afﬁnity
of chlorides for the soil.
3.5. Differences between the two pig manure applications
Differences between the retardation factors for nitrates and chlo-
rides decreased regularly with depth and were also signiﬁcantly differ-
ent between the ﬁrst and second applications. Table 5 presents the
mean differences between nitrate and chloride retardation factors for
both columns after the ﬁrst and second pig manure applications at all
sampling depths. After the ﬁrst application, the mean difference was
3.8 PV at 17 cm depth and decreased regularly to 0.34 PV at 85 cm
depth. For the second application, the mean difference was 2.52 PV at
17 cm depth and decreased regularly to 0 PV at 85 cm depth. For each
pig manure application, the differences in nitrate and chloride retarda-
tion factors were signiﬁcantly (t-test b 0.05) higher near the surface at
17 cm depth than at the outlet at 85 cm depth and they were higher
for the ﬁrst than for the second applications. The ﬁrst application of
pig manure increased the microbial numbers and activities; repeated
application of organic amendment improved soil biological functions
(Diacono and Montemurro, 2010). Moreover, soil drying and rewetting
stimulated these microbial communities (Bengtsson et al., 2003). Nitri-
ﬁcation of the second pig manure application was then enhanced and
the nitrate retardation factor was lower than for the ﬁrst application
(Fig. 5). This effect did not impact the chlorides, i.e. the differences in ni-
trate and chloride retardation factors were then also lower for the sec-
ond pig manure application (Table 5).
Differences between the two pig manure applications induced dif-
ferences in anion adsorption. Nitrate retardation factors for the second
pig manure application were signiﬁcantly lower than for the ﬁrst appli-
cation at all depths. The nitriﬁcation process was faster for the second
application—this effect was previously observed after several organic
amendment applications (Diacono and Montemurro, 2010) which
stimulated microbial activity (Paul and Clark, 1989). Acidiﬁcation of
the soil solution and nitrates produced by the nitriﬁcation process
thus occurred earlier after the second pig manure application. More-
over, the chloride dispersivity was signiﬁcantly higher at 17, 30 and
55 cm depths after the second application. These modiﬁcations in the
nitriﬁcation kinetics induced some modiﬁcations in pH and in the
ionic strength of the soil solution, and thus in the adsorption and com-
petition between anions (Katou et al., 1996; Qafoku et al., 2000), as ob-
served for the ﬁrst application. The differences in the nitrate and
chloride retardation factors were also lower for the second than for
the ﬁrst application.
3.6. Environmental and agronomical impacts
Nitrates are available for a shorter time for crops and leached
amounts may be greater when provided with pig manure. When soils
are amended with pig manure, the nitriﬁcation process induces a de-
layed effect on nitrate production (Mary et al., 1998; De Boer and
Kowalchuk, 2001). In the early days aftermanure input, nitrate contents
are still very low in the soil and crops use little (Payet et al., 2009) re-
gardless of soil types. For soils without anionic retention that were
amended with pig manure, nitrates were found to begin leaching as
soon as drainage occurred (Toner et al., 1989). The presence of other an-
ions, except chloride, brought simultaneously with the amendment or
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with the soil solid phase and therefore did not change the nitrate ﬂuxes.
However, in soils with AEC andwith similarwater ﬂuxes, crops can the-
oretically take up nitrates longer because they can be sorbed on soil par-
ticles (Parﬁtt, 1978; Warren and Kihanda, 2001; Payet et al., 2009).
However, in these soils, our results showed that the transfer of nitrates
from manure increased with depth due to the partition coefﬁcient be-
tween nitrates and chlorides (Katou et al., 1996) and to the nitriﬁcation
of manure, which delayed the nitrate input. Thus, for nitrates derived
from manure mineralization, the ﬁrst consequence was that they were
available for a shorter time for crops on these soils than they would
have been if they were already in nitrate form. Correspondingly, nitrate
leaching below the root depth may be greater with these amendments
for similar water ﬂow and adsorption capacities. This result was
counter-intuitive because the mineralization of organic matter induced
a slower andmore constant supply of elements to the soil. However, this
kinetic effectwas counterbalanced by the earlier adsorption of chlorides
at anionic exchange sites combined with a selectivity coefﬁcient to the
detriment of nitrates.
4. Conclusions
After pig manure amendment in a Nitisol, nitrate transfers were
highly inﬂuenced by the mineralization of this application and the ki-
netics of ammonium nitriﬁcation. In this study, we noted that this pig
manure nitriﬁcationmodiﬁed the pH and ionic strength of the soil solu-
tion. These chemical modiﬁcations induced signiﬁcant differences in ni-
trate and chloride adsorptions and transfers until 85 cm depth. Nitrate
and chloride breakthrough curves were asynchronous, but the chloride
retardation factors increased linearly with depth,while those of nitrates
decreased. Then the nitrate ﬂuxes caught up with the chloride ﬂuxes at
the outlet of the columns. The earlier chloride adsorption at anionic ex-
change sites, combined with a selectivity coefﬁcient to the detriment of
nitrates, counterbalanced the delay in nitrate production due to the ki-
netic mineralisation of pig manure.
These original physicochemical conditions are more representative
of ﬁeld conditions. Moreover, nitrate and chloride transfers were also
signiﬁcantly different between the ﬁrst and the second applications. Re-
peated application of pig manure improved the soil biological functions
and enhanced nitriﬁcation and nitrate production but did not affect
chlorides.
Organic fertilizers such as pig manure are attractive due to their ca-
pacity to gradually supply nutrients; nitrates should be retained on
variable-charge soils and available longer for crops. The agronomical
and environmental impacts included greater nitrate leaching below
the root depth, while nitrates were also available to crops for a shorter
time. These unexpected results should be taken into account to accu-
rately assess the crop nutrition and the nitrate leaching risk in these
soils.
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Summary
In Re´union, crop ﬁelds are commonly amended with nitrogen-rich pig manure, which is currently a major
source of groundwater pollution. We constructed three large andic soil columns in the laboratory to study
the impacts of pigmanure amendment on (i) global organic carbon and nitrogen decay in the soil, (ii) nitrate
and chloride retention in the soil, and (iii) lags in nitrate and chloride breakthrough. One untreated column
served as a control, while the two others were amended with pig manure. Over a 15-month period, the three
columns received water applications that matched rainfall under the climatic conditions of Re´union. Car-
bon and nitrogen balances were determined. The soil moisture regimes and soil-solution compositions were
monitored (at 7.5, 15, 35 and 100 cm depth) to determine carbon and nitrogen transformations and NO3

and Cl transfers. The soil organic matter mineralization rate was low, i.e. 5.1 mg C-CO2 day
1 kg1 soil
in the A horizon and 4.2 mg C-CO2 day
1 kg1 soil in the andic B horizon. The rate was higher in the
manure-amended columns, suggesting a priming effect. Rapid manure nitriﬁcation led to acidiﬁcation of
the surface soil solution. Nitrate and Cl ﬂux patterns differed at the column outlet and their interactions
with the soil exchange capacity differed in the two soil horizons. Leaching ﬂuxes highlighted an interac-
tion between anions and soil solid phases—a lag of 1.5 to 2.5 pore volumes was observed in the break-
through curves. About 85% (at 30–40 and 90–100 cm depth) of mineral nitrogen was adsorbed on soil
solids. These results highlighted the speciﬁc properties of andic soils under tropical conditions and the
complexity of assessing nitrate contamination of groundwater after pig manure amendment.
Re´sume´
Sur l’ıˆle de la Re´union, les e´pandages de lisiers de porc, tre`s riches en azote sont courants et induisent
actuellement des risques e´leve´s de pollution. Pour e´tudier les impacts de ces apports de lisier, trois larges
colonnes d’un cambisol andique ont e´te´ reconstitue´es au laboratoire. Les objectifs de ce travail sont (i) de
mesurer les taux de mine´ralisation du carbone et de l’azote dans le sol amende´ par un lisier, (ii) d’e´valuer la
re´tention des nitrates et des chlorures et (iii) d’analyser les diffe´rences dans les courbes de perce´e de ces
deux anions. Une colonne a servi de te´moin, les deux autres ont recxu un apport de lisier. Pendant quinze
mois, sur les trois colonnes, les apports d’eau ont simule´ les conditions pluviome´triques de l’ıˆle. Des bilans
de carbone et d’azote ont e´te´ re´alise´s entre le de´but et la ﬁn de l’expe´rimentation. Le re´gime hydrique et la
composition de la solution du sol ont e´te´ suivi a` plusieurs profondeurs (7.5, 15, 35 et 100 cm) aﬁn de
de´terminer les transformations du carbone et de l’azote et les transferts de NO3
 et Cl. Les taux de
mine´ralisation de la matie`re organique du sol sont faibles : 5,1 mg de C-CO2 d
1 kg1 sol dans l’hori-
zon A et 4,2 mg de C-CO2 d
1 kg1 sol dans l’horizon B andique. Dans les colonnes ayant recxues le lis-
ier ce taux est supe´rieur au te´moin, sugge´rant un «priming effect». La rapide nitriﬁcation du lisier
a entraıˆne´ une acidiﬁcation de la solution du sol dans les horizons de surface. Les ﬂux de NO3
 et de
Cl a` l’exutoire des colonnes ont pre´sente´ des comportements distincts ; l’interaction de chacun des
anions avec la capacite´ d’e´change anionique du sol diffe`re selon les deux horizons de sols. Les interactions
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entre la solution du sol et la phase solide entraıˆne un retard des courbes de perce´e de NO3
 et de Cl
qui atteint 1,5 a` 2,5 volumes de pores. 84,7 % (a` 30–40 cm) et 85.1 % (a` 90–100 cm) de l’azote mine´ral
a e´te´ adsorbe´ sur la phase solide du sol. Ces re´sultats montrent le comportement atypique des sols andi-
ques apre`s un e´pandage de lisiers de porc dans un contexte tropical et la difﬁculte´ d’estimer les risques
de pollution des nappes suite a` la lixiviation de NO3
.
Introduction
Management of organic waste, especially pig manure, from live-
stock farms is amajor challenge on the island ofRe´union.Nitro-
gen (N) volumes derived from organic waste were estimated
at 2325 t year1, with about 17% of the island (43 692 ha)
devoted to agriculture, but the distribution of these wastes was
found to be highly imbalanced (Aubry et al., 2006). Livestock
manure is commonly recycled by spreading it on crop ﬁelds,
but the area that can be amended in this way is limited in
island environments and problems of nitrate (NO3
) pollution
of groundwater may arise (Payet, 2005). In Re´union, andic
soils cover about 70% of the arable land area and organic
matter (OM) is mainly applied on this type of soil.
Little is known about the impact of organic amendment on
Andosols (Dahlgren et al., 2004). Mineralization of organic
matter and subsequent solute transfers are complicated to
study due to the atypical physicochemical properties of Ando-
sols (Shoji et al., 1993). Morvan et al. (2003) showed that min-
eralization rates of organic amendments were low in Andosols.
Complexes formed with OM and poorly crystallized minerals
(allophanes, imogolites. . .) have a protective effect on OM bio-
degradation in these soils (Aran et al., 2001; Boudot, 1992;
Huygens et al., 2005; Legay & Schaefer, 1984). Also, the
microstructure of Andosol surface horizons is an adverse fac-
tor for enzymatic reactions with organic N compounds (Saito,
1990). Interactions between solutes and the solid phase of
a soil with a marked anionic exchange capacity (AEC) were
addressed by Madeira et al. (2003). They showed that AEC is
generally greater in the B horizon than in the A horizon, and
they also found that AEC increases with the oxalate-extractable
Fe and Al contents and decreases with the soil organic matter
content. The AEC can induce anion retention and cause a lag
in the breakthrough curves for soilborne anions, as demon-
strated by Ryan et al. (2001) and Katou et al. (1996). Lehman
et al. (2004) highlighted the adsorption of large quantities of
NO3
 (300–400 g N kg1 soil) on a soil. They emphasized the
importance of nitrogen retention in determining the potential
of nitrate contamination of groundwater.
This study was aimed at assessing leaching hazard in an andic
soil after pig manure amendment, by quantifying: (i) global
organic carbon and nitrogen decay in the soil, (ii) lags in nitrate
and chloride breakthrough curves, and (iii) nitrate and chloride
retention in the soil. The strategy adopted was to work in labo-
ratory conditions to control water and solute ﬂuxes accurately
and to circumvent the natural variability of soil properties. The
experimental layout designed for this purpose consisted of three
instrumented soil columns. The columns were constructed so as
to simulate in situ hydraulic properties and realistic mineraliza-
tion rates. Two columns were amended with pig manure and
the remaining column was used as the untreated reference. The
columns were maintained under controlled climatic conditions.
Materials and Methods
Study site at the Colimacxons research station in Re´union
Re´union is an island located 700 km east of Madagascar in the
southern Indian Ocean region. The main peak of this relatively
recent volcanic island (Piton desNeiges, 3070mASL) emerged 3
million years ago. The Colimacxons research station is located on
the western slope of Piton des Neiges at 800 m ASL (21°07¢47S;
55°18¢19E). Mean annual rainfall at the station is 1600 mm,
with a mean annual temperature of 19°C.
Soil studied
The soil studied at the Colimacxons research station was located
in the middle of a toposequence in which Andosols prevail
(Feder et al., 2006). Table 1 gives the physicochemical charac-
teristics of this soil. It was classiﬁed as an andic Cambisol,
which included: (i) a surface A horizon (0–40 cm) altered to
a shallow depth (< 50 cm) by anthropedogenic processes, and
(ii) an andic B horizon (40–200 cm). Triplicate 100 cm3 sam-
ples of undisturbed soil were collected in the ﬁeld (0–5, 5–10,
10–20 . . . 90–100 and 100–110 cm) for physical analysis. The
saturated hydraulic conductivity Ks (m s
1) of the soil samples
was measured using a permeameter. Gravimetric analyses
were conducted to determine the soil bulk density.
Soil column construction
Weconstructed three identical soil columns, i.e.C1,C2, andC3, in
a 0.375 m dia. 1 m long PVC tube. The bottom of each column
was closed with a plexiglass plate that was slightly sloped so as to
channel drained water towards the outlet. The A horizon was
constructed with two distinct soil layers (0–20 and 20–40 cm) in
order to take slight differences in OMcontents and bulk densities
into account. The B horizon was the 40–100 cm layer in all three
columns. Soil was collected at the Colimacxons research station,
roughly sieved (5mmmesh)without drying. The three layerswere
constructed in columns C1, C2 andC3, while maintaining the soil
bulk densities measured in situ. Columns C1 and C2 were used
to assess the impact of manure amendment of the soil, while C3
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was the untreated control. The C1, C2 and C3 soils had not
been cropped, thus avoiding bias from crop cover and enabling
us to focus solely on evaluating NO3
 leaching risks.
Water and manure inputs
The columns were initially irrigated from 10 June 2003 to 25 June
2003 (150 mm daily on average) in order to homogenize the soil
chemical proﬁles andpermitpore restructuring, thus limiting siev-
ing artifacts (hydraulic properties andmineralization rates). On 2
July 2003, 2 litres of manure was applied on the surface of C1 and
C2, while the C3 control remained untreated. This dosage was
calculated to be equivalent to the application of 180 m3 ha1 of
manure containing 218 kg of total N, which is typical of manure
spreading practices in Re´union (Aubry et al., 2006; Payet, 2005).
The C3 control received 16.3 mm of water, which was equiva-
lent to the amount of moisture contained in the manure dose.
After manure amendment, C1, C2, and C3 were irrigated with
identical amounts of water during three phases (Table 2). Phase 1
corresponded to a typical annual rainfall level, with a distribution
representativeof cycloneperiods.Phase2was representativeofdry
climatic periods, while phase 3 was representative of wet periods.
Soil column sampling and measurement
The columns were equipped with instruments to monitor water
and solute contents and ﬂuxes. Time domain reﬂectometry
(TDR) probes (CS616, Campbell Scientiﬁc) were set at 15, 35
and 95 cm depth to measure moisture in the three soil columns.
Tipping bucket raingauges were placed at the outlet of one col-
umn per treatment, i.e. C1 and C3, and used as limnigraphs
(ARG100, Campbell Scientiﬁc) to assess drainage ﬂow. All of
these instruments were connected to a datalogger (CR10X-2M,
Campbell Scientiﬁc) that recorded measurements on a 10-
minute basis from 1 July 2003 to 2 October 2003 (measurement
period). We placed a tray near the soil columns to estimate the
extent of evaporation from C1, C2 and C3 from gravimetric
measurements.
The C1, C2 and C3 soil solutions were collected in duplicate
from each column with Rhizon soil-solution microsamplers
(Rhizosphere Research Products, The Netherlands) that were
set at 7.5, 15 and 35 cm depth. These 70 ml samples were
obtained by applying a partial vacuum to each microsampler
a few hours after each soil column water application. From 2
July 2003 to 14 July 2003 and 6 April 2004 to 23 April 2004, the
soil solution couldnot be sampledwith themicrosamplers due to
the unsuitable water potential. Drainage water was, however,
sampled at the column outlets after each watering.
Soil analysis
After construction of columns C1, C2 and C3, we performed
initial soil analyses on samples collected from the 0–20, 20–40
and 40–100 cm layers. The ﬁnal soil analyses (at the end of the
Table 1 Physicochemical characteristics and organic matter content of the initial soil
A horizon B horizon
0–20 cm 20–40 cm 40–100 cm
Bulk density /kg dm3 0.90 0.80 0.85
Sat. water, content, ys /m
3 m3 0.67 0.70 0.69
Water conductivity, Ks: /m s
1 2.1  105 4.4  106 5.5  107
– measured in situ 8.2  107 for 0–100 cm
– calculated, in the columns 4.7  107 (C1) and 4.0  107 (C3) for 0–100 cm
Clay fraction /g kg1 365 384 213
Soil color moist (Munsell’s chart) 10 YR 3/2 10 YR 3/2 7.5 YR 5/6
pHWater 5.4 5.6 6.2
pHKCl 4.2 5.0 5.4
pHNaF 9.4 9.8 10.0
Organic matter /g kg1 68.6 56.0 29.7
Total C /g kg1 39.8 32.5 17.2
Total N /g kg1 3.79 3.09 1.51
C:N ratio 10.5 10.5 11.4
CEC /cmol(þ) kg
1 26.94 18.57 17.27
AEC /cmol() kg
1 0.68 1.20
Alox. þ½Feox. /% 2.3 1.8 3.7
Siox. /% 0.4 0.3 1.3
Alpy. / Alox. /% 3.05 2.15 1.3
P retention /% 95.6 97.6 99.1
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study) were performed on samples obtained at the following
depths: 0–2.5, 2.5–5, 5–7.5, 7.5–10, 10–20, 20–30, . . ., 80–90
and 90–100 cm. Total C and total N of the initial and ﬁnal soils
were determined by dry combustion with an element analyser
(Thermoquest NC2100 Soil). We measured the cation exchange
capacity (CEC) by the ammonium acetate (pH 7) method. The
pHwater and pHKCl of the initial and ﬁnal soils were mea-
sured according to the NF ISO 10390 standard at a soil/water
volume ratio of 1:5. The Nmin content of the ﬁnal soil was
measured in solution by KCl (1 M) extraction at a soil/water
volume ratio of 1:5 and assayed by continuous ﬂow colorime-
try (Alliance Instruments). We used the procedure described
by USDA-NRCS (2004) to measure (only in the initial soil)
the pHNaF and the elements Al, Si and Fe extracted by oxalate
(Mox) and pyrophosphate (Mpy). Extractable Al, Si and Fe
were assayed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES, Varian Vista spectrometer equipped
with a coupled-charge detector device). The AEC of the initial
soil was measured using the method described by Gillman &
Sumpter (1986). Phosphorus retention was determined by the
method of Blakemore et al. (1987).
Soil-solution analysis
All soil-solution samples were ﬁltered at 0.45 mm and divided
into three aliquots. Immediately after sampling, the ﬁrst un-
treated aliquot was used for the pH and electrical conductivity
(EC) analyses. The pH was measured with an ISFET electrode
(Senstron, Hot-line), whilst EC was measured with a standard
conductivity cell (WTW, TetraCon 325), and the temperature
was corrected to 25°C. The two other aliquots were maintained
at 4°C.The second aliquotwas acidiﬁedwithHNO3 (suprapure)
in preparation for assaying the main elements by ICP-AES
spectrometry (Varian Vista). The third aliquot was used to
quantify N-NO3
 and N-NH4
þ by continuous ﬂux colorime-
try (Alliance Instruments).
A mean water sample from the top of the column was
obtained by cumulation of 5-ml aliquots that were collected
systematically at each water application. The soil-solution
analysis procedure was also used to analyse three of these mean
water samples during the study.
Manure analysis
Table 3 gives the physical and chemical characteristics of the
manure, which came from a small farrow-to-ﬁnish swine pro-
duction farmwith a herd of around 10 sows. Themanure pHand
ECmeasurements were done in the same way and with the same
instrumentation as for the soil solutions. The N-NH4
þ contents
were measured immediately using Quantoﬁx test sticks. Total
C and total N were determined by the Dumas method with an
element analyser (Thermoquest NC2100 Soil). Chloride was
assayed on the soluble fraction, after 0.45 mm ﬁltration, by
ICP-AES spectrometry (Varian Vista). Following manure
amendment of C1 and C2, the C contents corresponded to
1.5% of the initial contents in the A horizon and the N con-
tents corresponded to 2.3% of the initial contents.
Results
Hydraulic patterns of the columns
We checked whether the experimental setup would closely re-
produce ﬂows that occur in ﬁeld soil by calculating the hydraulic
Table 2 Three water application phases for the C1, C2 and C3 soil columns during the study
Date Water application conditions Total /mm
phase 1 2/7/2003 to 4/2/2004 12  10 mm d1 3/7/2003 to 14/7/2003 1496a
1  150 mm d1 15/7/2003
5  10 mm d1 16/7/2003 to 28/7/2003
1  150 mm d1 29/7/2003
1  10 mm d1 30/7/2003
20  50 mm d1 31/7/2003 to 4/2/2004
phase 2 5/2/2004 to 5/4/2004 (drying) 0
phase 3 6/4/2004 to 22/9/2004 67  50 mm d1
5 water applications every 2 weeks 3350
phases 1 þ 2 þ 3 2/7/2003 to 22/9/2004 4846
aC1 and C2 beneﬁted from a 16 mm water supplement derived from the manure application on 2/7/2003. An equivalent amount of water was thus
applied to C3 on the same day.
Table 3 Physicochemical characteristics and compositionof pigmanure
and water applied to the soil columns (means shown for water)
Pig manure Water
Dry matter /g kg1 52.5 –
Density /kg dm3 1.01 1.00
pH 7.6 7.6
EC /mS cm1 14.2 0.09
Total C /g l1 18.0 –
Total N /g l1 2.47 –
C:N ratio 7.29 –
[NO3
] /g l1 (N-NO3
) 0.00 3.43  101
[NH4
þ] /g l1 (N-NH4
þ) 1.70 5.70  102
[Cl] /g l1 1.40 3.93  103
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conductivity of the reconstructed soil and the soil moisture
regimes of the three soil columns from 2 July 2003 to 2 October
2003. Our conclusions were: (i) the hydraulic properties of C1,
C2 and C3 were close to those of in situ soil (Table 1), and (ii)
C1, C2 and C3 had similar soil moisture regimes (Figure 1).
These soil columns could thus accurately replicate the behav-
iour of in situ soil and C1, C2 and C3 could be legitimately
compared. Moreover, the drainage ﬂow estimations—which in
turn were used to assess solute leaching ﬂuxes—were reliable
since the water budget terms were efﬁciently controlled.
Hydraulic conductivity. The saturated hydraulic conductivity
was calculated for thewhole columnsbyDarcy’s lawon thebasis
of a hypothetical saturated ﬂow regime. This calculation gave
very close values for C1 and C3, i.e. Ks ¼ 4.7  107 m s1 for
C1 and 4.0  107 m s1 for C3. These calculations were in line
with the in situ measurements recorded with a permeameter at
saturation, where the B horizon (40–100 cm) was found to
hamper hydraulic conductivity to the greatest extent (Table 1).
Soil water content. The soil moisture regimes were similar for
C1, C2 and C3 throughout the measurement period (Figure 1).
The TDR probes indicated almost saturated volumetric soil
moisture contents, y (m3 m3). Differences between C1, C2 and
C3 were minor (D y < 0.03 m3 m3) and close to the measure-
ment error. Moisture contents paralleled the water application
patterns. The variations were greatest on the surface where the
wetting and drying cycles were most marked. The total soil
water content of each column remained close to saturation
(around 690 mm). Total soil water content variations ranged
from 30 to 50 mm, for a relative deviation of less than 7%.
Water budget and drainage. Drainage ﬂow was calculated on
the basis of themass conservation law applied towater in the soil
columns:
D WR ¼ WA  EV  WSA  DR ð1Þ
with D WR representing the variation in the total soil water
content (mm), WA is water application (mm), EV evaporation
(mm), WSA water sampling (mm), and DR drainage (mm).
The applied water volumes (WA) are given in Table 2. The
water sample (WSA) quantity was 0.6 mm per water applica-
tion. Evaporation (EV) was estimated to be 0.8 mm day
1. We
also checked the consistency of the D WR calculation by com-
paring the calculated drainage ﬂow rate with rates measured by
the limnigraphs throughout the measurement period (Figure 2)
and found that the difference between the calculated and mea-
sured drainages was consistent with the water-loss fraction.
Figure 2 shows that these water losses were moderate, i.e. the
mean loss for C1 and C3 was 27 mm throughout the measure-
ment period (4% of the cumulative drainage). The peaks
noted at 150-mm water application (15 and 29 July 2003) were
due to a poor TDR-probe estimation of total soil water
contents since the probes did not take into account the water
layer that temporarily formed on the soil surface.
Drainage ﬂow rateswere calculated during the 1 July 2003 to 2
October 2003 period on the basis of the mass conservation law.
After 2October 2003,we considered that total soil water content
variations were negligible. This hypothesis was conﬁrmed by the
drainage measurements (Figure 2). The water budget terms for
C1, C2 and C3 were very similar for all experiments conducted
from1 July 2003 to 22September 2004. For a total application of
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Figure 1 Variations in volumetric soil moisture content and total
water content in C1, C2 and C3.
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4846 mm, the columns drained 4390 mm of water on average
(91% of the applied amount), while 100 mm (2% of the applied
amount) was sampled and evaporation accounted for 360 mm
(7% of the applied amount).
Organic carbon and nitrogen dynamics
Mineralization conditions. We checked whether the experimen-
tal setup would reproduce realistic soil mineralization condi-
tions by considering the untreated C3 column. The average
mineralization rate was calculated in the A horizon of C3 from
total C and N contents (Table 4), which provided a mineraliza-
tion rate of 5.0 mg C-CO2 day
1 kg1 soil. This value was in
line with the results of Morvan et al. (2003), who measured
a mineralization rate of 5.1 mg C-CO2 day
1 kg1 soil on
average in the A horizon of the same soil. We considered that
mineral nitrogen production in the columns was thus represen-
tative of in situ conditions.
Organic carbon and nitrogen decay in the soil. Total C and N
variation patterns indicated that there were substantial losses
from C1, C2 and C3, i.e. 10.9% (for C3) and 11.6% (mean for
C1 and C2) loss of the initial C content and 4.3% (for C3) and
7.1% (mean for C1 and C2) loss of the initial N content.
The totalC losswas similar inAandBhorizons ofC3, i.e. 10.8
and 11%. Total C losses from the A horizon of C1 and C2 were
greater in comparison to C3: 186.8 –147.8¼ 39 gmore (absolute
value), which was close to the 36 g provided by the manure
application (Table 4).
In the A horizon of C3, the net total N loss was almost nil
(3.7  103 g N kg1 soil). In the B horizon of C3, the total N
loss was similar to that of total C (10.8% of the initial amount).
Total N losses from the A horizon of C1 and C2 were greater
and more signiﬁcant than those noted in C3 (0.21 g N kg1
soil). The absolute deviation between these losses and those of
C3 (0.206 g of total N kg1 soil, i.e. 7.75 g for the A horizon)
was greater than the quantity derived from the manure (4.94 g
of total N). However, total N losses from the B horizon of C1
and C2 were less for C3.
Solute transfer in soil
Mineral nitrogen. Nitriﬁcation was not limited since NH4
þ
concentrations in the soil solution of the three columns
were always very small. Consequently, we only considered the
NO3
 form of mineral nitrogen (Nmin). In C1 (and C2, results
not shown), the NO3
 concentration increased to more than
6 mM litre1 and the solution pH dropped by around one pH
unit during the ﬁrst months of the study (Figure 3). This
behaviour could be explained by the nitriﬁcation of NH4
þ
derived from the manure, which only affected the surface layer
of the A horizon in C1 and C2. The effects of this nitriﬁcation
were no longer seen when more than 600 mm of water was
applied, i.e. the NO3
 and pH values merged in C1, C2 and C3
(Figure 3).
The Nmin concentrations in the soil solution of C1, C2 and
C3 were compared at 15, 35 and 100 cm depth on the basis of
quantities of water applied (Figure 4). During phase 1 (0–1500
mm), the breakthrough curves differed markedly at the three
depths in C1 and C2. At 15 cm, the peak concentration (6 mM
litre1) was reached after a water application of around 500
mm. At 35 cm, the peak concentration was similar but reached
after a water application of 600 to 650 mm. At 100 cm (col-
umn outlet depth), breakthrough occurred after 1100 to 1350
mm of water application, with a much broader spread due to
the dispersiveness of the porous soil medium and the peak
Nmin concentration of 2.3 mM litre
1. For C3, we did not
observe any breakthrough and the Nmin concentrations were
always around 0.5 mM litre1.
During phase 2 (drying), no drainagewas noted.During phase
3 (1550–4850 mm), we observed a second Nmin breakthrough at
100 cm depth (at the outlet) in C1, C2 and C3 (Figure 4). This
Table 4 Total carbon and nitrogen contents in the control soil column
and the two manure-amended columns at the beginning (2 July 2003)
and end (22 November 2004) of the study
Soil horizon A B
Depth /cm 0–40 40–100
Mass of dry soil /kg 37.56 56.38
Carbon Nitrogen Carbon Nitrogen
All columns
Initial content /g kg1 soil 36.36 3.46 17.20 1.51
Control column: C3
Final content /g kg1 soil 32.43 3.46 15.31 1.35
Losses /g kg1 soil 3.93 0.00 1.89 0.16
/% 10.8 0 11.0 10.8
Manure-amended columnsa: C1 & C2
Pig manure /g 36.0 4.94 / /
Final content /g kg1 soil 32.35 3.38 15.63 1.37
Losses /g kg1 soil 4.97 0.21 1.57 0.14
/% 13.3 5.8 9.1 9.1
aAverage values are presented because the differences between C1 and
C2 were very small.
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Figure 2 Veriﬁcation of the water budget throughout the measure-
ment period (results shown for C1).
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occurred when the NO3
 concentrations had dropped to very
small values (0.2 mM litre1). For each column, the concentra-
tion began peaking at 2850 mm water application and reached
its apex at around 3000 mm. The three maxima were less than
the breakthrough curve peaks noted during the ﬁrst 3 months
of the study. At 15 and 35 cm depth, the peaks were more
spread out than during phase 1 and the intensity was less. We
could not monitor the greatest NO3
 concentrations—that were
likely reached between 1550 and 1850 mm water application—
since the soil solution could not be sampled at these depths.
We did detect an elution tail at 35 cm depth, as shown by
a decrease in NO3
 concentration from 1850 to 2500 mm
water application.
At 15, 35 and 100 cm depth, we calculated quantities of N
leached on the basis of calculated water ﬂows and Nmin concen-
trations occasionally measured in the soil solution (Figure 5).
During water application phase 1 (0–1500 mm), 4.1 to 4.6 g of
Nmin was leached from the 0–15 cm soil layer in C1 and C2,
respectively, and 1.1 g in C3. This difference was close to the
total quantity of NH4
þ derived from the 2 litres of manure (3.4
g), which was quickly nitriﬁed and leached. At 35-cm depth in
C1 and C2, smaller quantities of N were leached (2.9 and 3 g),
however these quantities still differed markedly from the
quantity leached in C3 (1.3 g). At 100 cm depth (at the outlet)
in C1, C2 and C3, much smaller quantities of N were leached
(1.5 g for C1 and C2 and 0.4 g for C3).
Water ﬂows were negligible and no signiﬁcant leaching
occurred during phase 2. During phase 3 (1550–4850 mm), in
C1, C2 and C3 at 100 cm depth, we detected a leaching ﬂux rate
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Figure 3 Variations in pH and nitrate concentration at 7.5 cm soil
depth in C1 and C3.
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that ﬁtted the last N breakthrough curve. The quantity of Nmin
leached only at the outlet during this phase was 3.2 and 3.4 g
for C1 and C2 (69% of the total amount leached) and 2.7 g for
C3 (84% of the total amount leached). At 15- and 35-cm depth,
leached quantities of Nmin were likely less than at 100-cm depth
(part of the leached Nmin could not be measured at 15 and 35
cm in the 1500 to 1850 mm water application range).
Chloride. We estimated leached quantities of Cl by the same
method as that used for Nmin (Figure 6). In C1 and C2, mas-
sive input of Cl from the manure induced substantial leach-
ing ﬂux rates at all soil depths. At 15-cm depth, all Cl derived
from the water and manure applications was thus leached (4.8
g for C2). However, the leaching ﬂux rates noted at 35 cm
indicated that 15.7% of the input Cl had been adsorbed in
the 15–35 cm soil layer. The cumulative ﬂux observed at 35 cm
was also recorded at 100 cm (at the outlet). In C3, the Cl
leaching ﬂux rates observed at 15-cm depth corresponded to
the amount applied at the top of the column. However, at the
same times at 35 cm and at the outlet, we detected a slight
leaching pulse (0.85 g) in C1 and C2. This phenomenon was
not detected at 15 cm, likely because of the single sampling on
15 July 2003.
Interactions between nitrate and chloride anions
and the soil
Weanalysed soil-solute interactions by comparing the volumeof
water required for solute percolation to the soil pore volume
(PV) in the 0–35, 35–100 and 0–100 cm soil layers. The PV was
calculated for each layer (Table 5) according to the soil volu-
metric water content at saturation (Table 1) and based on the
hypothesis that all soil moisture was involved in water ﬂow.
Water volumes involved at peak leaching ﬂux, which were
deduced from the instantaneous leaching ﬂux curves, were
considered as representative of the solute percolation volumes
(Figure 7). The ratio between the solute percolation volume
and PV was used to assess the lag in solute detection and thus
the extent of the soil-solute interaction in each soil layer.
Figure 7 shows that there was great reproducibility between
C1 and C2 with respect to mineral nitrogen and chloride ﬂuxes.
At 35 cm depth, the very clearcut leaching peaks were reached
earlier for Cl (at 496 mm water application) than for NO3

(at 596 mm). At 100 cm (at the outlet), the less distinct peaks
occurred between 1196 and 1346 mm water application. A
slight column effect was noted, but there were no signiﬁcant
differences between the two solutes. Throughout the C1 and
C2 soil columns (0–100 cm), the transfer kinetics were similar
for Cl and NO3
 and 1.86 PVs were required to leach these
anions (Table 5). However, the A horizon was more reactive:
at 35 cm, Cl peaked at 2.08 PV and NO3
 peaked at 2.50 PV,
whereas NO3
 and Cl were transported from 35 to 100 cm
respectively with 1.5 and 1.7 PV (Table 5).
We quantiﬁed Nmin adsorbed by the soil at the end of the
study at the bottom of the A horizon (30–40 cm) and B hori-
zon (90–100 cm). Adsorbed Nmin was calculated by the differ-
ence between total soil Nmin (KCl extraction) and soil-solution
Nmin at 35 and 100 cm depth (Figure 4). Table 6 gives the
mean adsorbed Nmin values obtained for C1, C2 and C3.
These results highlight that 84.7 and 85.1% of Nmin was in an
adsorbed form and only 15.3 and 14.9% was in solution in the
30–40 and 90–100 cm soil layers, respectively.
Discussion
Organic carbon and nitrogen decay in the soil
In the A horizon of C1 and C2, carbon loss was greater than in
the C3 control, i.e. 13.3 vs. 10.8% (Table 4). This suggests that
0
1
2
3
4
5
  0 cm (H2O)
 15 cm
 35 cm
 100 cm
 100 cm
15 cm
35 cm 
B
0 1000 2000 3000 4000 5000
Applied water amount /mm
Cl
-
 
cu
m
u
la
tiv
e 
flu
x 
/g
0
1
2
3
4
5
A
0 1000 2000 3000 4000 5000
Applied water amount /mm
Cl
-
 
cu
m
u
la
tiv
e 
flu
x 
/g
0 cm (H2O + manure)
0 cm (H2O)
15 cm
35 cm
100 cm
C1 (35 cm)
C2 (15 cm)
C2 (100 cm)
C1 (100 cm)
C2 (35 cm)
Figure 6 Cumulated Cl ﬂuxes according to applied water volumes
calculated at 15, 35 and 100 cm soil depth (a) for amended columns
C1 and C2 (data not available for C1 at 15 cm) and (b) for untreated
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Table 5 Analysis of interactions between nitrate and chloride anions
and the soil
Soil layer /cm 0–35 35–100 0–100
Pore volume, PV /mm 239 446.3 685
NO3
 percolation volume /mm 596 675.0 1271
Ratio 2.5 1.5 1.9
Cl percolation volume /mm 496 775.0 1271
Ratio 2.1 1.7 1.9
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most of the manure C had been mineralised and that a small
fraction had been humiﬁed. A priming effect (Fontaine et al.,
2003) also increased soil OM mineralization in the presence
of exogeneous OM, which stimulates microbial activity (Paul &
Clark, 1989; Trinsoutrot et al., 2000). Carbon loss in the B
horizon of C1 and C2 was less than in C3. This could be
explained by greater C assimilation by microorganisms whose
available Nmin resources were boosted by the manure input.
Aran et al. (2001), Legay & Schaefer (1984) and Boudot (1992)
also demonstrated that OM-mineral complexes formed are
greatly resistant to biodegradation in Andosols. These mainly
nitrogenous insoluble organic compounds are known to occur
in large quantities and are persistent (Boudot et al., 1988;
Wang et al., 2001).
Manure nitriﬁcation was rapid and intense during phase 1
(Figure 3). Large NO3
 concentrations were detected in the
soil solution of C1 and C2. Manure nitriﬁcation was associ-
ated with acidiﬁcation of the soil solution at 7.5 cm depth.
Drainage water acidiﬁcation has already been noted after
nitrogen fertilisation (Bergkvist & Folkeson, 1992) and in con-
junction with natural OM mineralization (Nilsson et al., 1988).
Nitriﬁcation had slowed down after 40 days since at that point
we did not note any difference with respect to C3. All of the
very mineralizable manure fraction had thus been transformed.
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Figure 7 Instantaneous mineral N and Cl ﬂuxes according to applied water volumes calculated at 35 and 100 cm soil depth for C1 and C2.
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Leaching fluxes of nitrate and chloride
Columns C1, C2 andC3 lost 4.7, 4.9 and 3.2 gNmin, respectively,
after 4850 mm water application (Figure 5). These quantities
were much greater than those supplied by the water applica-
tions (0.2 g). Columns C1 and C2 thus leached 1.5 and 1.7 g
more Nmin than C3. This difference was much less than the
quantity of N derived from the manure, which was 4.9 g total
N, including 3.4 g Nmin. This indicates that Nmin interacted
with the soil and soil-borne microorganisms. Measured total N
losses (Table 4) could only be partially explained by Nmin
leaching, and other factors of the N cycle also contributed to
these losses. However, the chemical features of the soil solution
(dissolved oxygen and redox potential, data not shown) and
the hydric conditions were not favourable for denitriﬁcation.
Thus, Nmin was probably partially immobilised by soil micro-
organisms to ensure their metabolic activity (Mary et al., 1996).
At 100 cm, the breakthrough curves were asymmetrical for
C1, C2 and C3 during phase 3 (Figure 4) — from the beginning
of the peak to the maximum required 150 mm of water, whereas
from the peak back to the baseline required another 1500 mm.
The fact that C1, C2 and C3 had the same behaviour indicates
that the observed Nmin pattern was not related to the manure
input. In the A horizon, maintenance of unsaturated moisture
conditions in the soil during phase 2 stimulated the aerobic
activity of microorganisms responsible for soil OM minerali-
zation. This activity prompted an increase in Nmin content. In
the B horizon, the saturated conditions and the smaller OM
contents did not induce recharge, as indicated by the NO3

concentrations at 100-cm depth at the onset of phase 3
(Figure 4). The Nmin concentrations were found to be distrib-
uted in the upper part of the soil proﬁle, and Nmin transport
thus led to a differently shaped breakthrough curve as com-
pared to that of a concentration pulse at the soil surface. Over-
lap of N-transport peaks for each elementary soil layer could
account for this broad breakthrough curve. Deeper layers pro-
duced sharper peaks that quickly reached the outlet.
Retention of nitrate and chloride
Retention of NO3
 and Cl varied according to the con-
stituents present in each horizon. The Cl and NO3
 break-
through curves differed at 35 cm soil depth. For these two
elements, the lags were 2.1 and 2.5 pore volumes (PV), respec-
tively, but this trend reversed between 35 and 100 cm, i.e. 1.7
and 1.5 PV. On a soil column scale (0–100 cm), lag differences
between these two anions were not detectable due to mutual
compensation (1.9 PV). These values are in agreement with
those of many studies conducted on soils of different charges
(Wong et al., 1990; Bellini et al., 1996; Katou et al., 1996).
However, the respective impacts of constituents responsible for
positive charges have not yet been clearly delineated. Bellini
et al. (1996) and Katou et al. (1996) used CaCl2 and Ca(NO3)2
in their experiments to study lags in the transfer of these
anions through packed soil columns. They highlighted the
inﬂuence of the ionic strength of the soil solution and anion
concentrations. According to Katou et al. (1996), adsorption
sites have a lesser afﬁnity for NO3
 than for Cl. Toner et al.
(1989) found that NO3
 adsorption was completely reversible
and explained this by a simple electrostatic retention mecha-
nism. Hence, there is great competition for anion adsorption
in soil and this phenomenon is dependent on several factors.
In the surface horizon of our soil, the Alpy/Alox ratio was twice
as high as in the 40–100 cm horizon (Table 1). This trend was
reversed for the Alox þ½ Feox term. The NO3 retention was
thus greater than Cl retention when OM and organomineral
complexes prevailed over poorly crystallized minerals.
The soil-solute interactionwas conﬁrmed by the great adsorp-
tion capacity of the two soil layers: about 23 and 22 mg N kg1
soil was adsorbed in A and B horizons, respectively. These
quantities correspond to 24.1% of the AEC for the A horizon
and 13.1% for the B horizon (Table 1). This proportion was
greater than that found by Ryan et al. (2001), who estimated
that less than 10% of the AEC was occupied by nitrate in an
Andosol in coffee plantations. By extrapolating these quanti-
ties to the whole column, we obtained a retention capacity of
2.1  0.2 g N per soil column, i.e. 190  17 kg N ha1, which
is close to the results reported by Lehmann et al. (2004) and
Ryan et al. (2001).
Conclusion
Theobjective of this studywas to assess the leaching hazard in an
andic soil after pig manure amendment.We developed a labora-
tory setup to control water and solute ﬂuxes in the soil during
a 15-month experiment. The latter was conducted with mineral-
ization rates and a hydric regime representative of the in situ
conditions. Total C and N of the soil decreased by 11% and
4%, respectively, without amendment. Carbon and N decay
was greater for amended soil (12% and 7%, respectively), due
to the addition of easily decomposable organic matter. Rapid
nitriﬁcation produced large quantities of nitrate, especially in
amended soils during the ﬁrst irrigation phase. Nitrate leach-
ing reached about 4.9 g N in amended soil versus 3.2 g N in
untreated soil. The difference was far less than the manure
nitrogen input but was probably not due to denitriﬁcation.
Leaching ﬂuxes highlighted an interaction between anions and
Table 6 Estimation of mean mineral nitrogen adsorbed and in the soil
solution at the end of the study (standard deviation in brackets)
Soil layer /cm 30–40 90–100
Total Nmin. /mg 242 (6) 238 (23)
Solute Nmin. /mg l
1 5 (1) 5 (1)
/mg 37 (5) 35 (2)
/% 15.3 (1.9) 14.9 (2.3)
Adsorbed Nmin. /mg kg
1 soil 23 (1) 22 (3)
/mg 205 (8) 203 (25)
/% 84.7 (1.9) 85.1 (2.3)
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soil solid phases—a lag of 1.5 to 2.5 pore volumes (PV) was
observed in the breakthrough curves. This interaction was
stronger in the A horizon (> 2 PV) than in the B horizon
(< 1.7 PV), and was anion speciﬁc—nitrate was more retained
than chloride when organomineral complexes prevailed over
poorly-crystallized minerals. Nitrate adsorption was estimated
at around 22 mg N kg1 soil which, when extrapolated to the
plot scale, corresponded to substantial amounts (190 kg N
ha1). Leaching of this retained nitrate could be delayed but
still represents a risk in the long run, since adsorption is
a reversible process. A similar study that takes variability of
soil properties and interactions with crops into account is
being carried out to assess this risk in the ﬁeld.
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A B S T R A C T
A comprehensive ﬁeld study was conducted to determine the fate of nitrogen in pig (Sus scrofa) slurry
applied to an acid tropical andic soil of Re´union with the aim of estimating drainage and nitrogen
leaching below the root zone. Water movement and nitrate dynamics were monitored during two
successive cropping seasons on a plot (PSP) treated with liquid manure, with an input of 264 kg N ha1
the ﬁrst year and 185 kg N ha1 the second year, in comparison to levels recorded in a unfertilized
control plot (CP). The ﬁeld was cropped with rainfed maize (Zea mays L.) The process-basedWAVE ﬁeld-
scale model was used to simulate water ﬂow and nitrogen transport in the unsaturated zone and
highlight the main processes controlling water and N fate. A calibration procedure was performed one
year, while the prediction capability of the model was assessed during another cropping year. A
sensitivity analysis was performed to address some critical parameters.
Due to the high hydraulic conductivities measured in this andic soil, the drainage risk became high
when the rain intensity was above 30 mm d1 and the soil humidity was close to saturation. The time
between the ﬁrst slurry application on PSP and the nitrate onset in the drainage water at 135 cm depth
(about 15 months) was attributed to nitrate adsorption on the soil particles (the retardation factor was
estimated at 2.6 in the surface layer and 1.5 in deeper layers) and to the fact that the water stored in the
0–135 cm soil layer was slowly displaced. The nitrate migrated in this andic soil at rate of about 50 mm
per 100 mm of inﬁltrated water.
The main features of the experimental values of state variables (water content, water pressure head,
NO3
 concentration, natural mineralization and nitriﬁcation of the pig slurry ammonium at different
depths and dates) as well as the water ﬂuxes across boundaries were generally correctly reproduced by
WAVE for both plots. The calibrated modelled budget error arising from net mineralization was +15 and
+9 kg N ha1 for CP and PSP, respectively. For the model evaluation, it was estimated at 9 and
13 kg N ha1, respectively, which was considered as very acceptable.
WAVE required reﬁnements in some processes and parameters but was still found to be robust
enough to work in conditions for which it was not primarily designed.
 2009 Elsevier B.V. All rights reserved.
Contents lists available at ScienceDirect
Agriculture, Ecosystems and Environment
journal homepage: www.e lsev ier .com/ locate /agee1. Introduction
For many years and in many regions around the world, farmers
in areas with high swine and poultry production have disposed ofAbbreviations: CP, control plot; DAS, day after sowing; PSP, pig slurry plot; TDR,
time domain reﬂectometry; WAVE, Water and Agrochemicals in the Vadose
Environment model.
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doi:10.1016/j.agee.2009.07.004liquid manure wastes (i.e. pig slurry, dairy efﬂuent) by spreading
them on crop ﬁelds thanks to their fertilizer function. Manures are
an important source of nutrients for crops but may represent a
signiﬁcant environmental pollution risk. Consequently, it is
essential to gain insight into manure nutrient behaviour so as to
be able to efﬁciently manage the application practices and thus
enhance the cost-effectiveness of crop production while minimiz-
ing the adverse impacts on water and soil quality.
In Re´union, pig slurry production reached 180,000 T in 2007
(DAF and CIRAD, 2007). This high amount was to be applied on
limited areas (20,000 ha), but with a potential risk of contaminat-
N. Payet et al. / Agriculture, Ecosystems and Environment 134 (2009) 218–233 219ing soils and water with excessive nitrogen, phosphorus or trace
elements. This paper deals only with nitrogen since there is
growing concern in public and regulatory agencies on possible
nitrate contamination of groundwater resources and downstream
lagoons on this island. In addition, the European Union Directive
91/676 obliges all Member States to assess the nitrate concentra-
tion and trophic status of their water resources in order to detect
pollution and to launch Action Programmes to, for instance,
optimise nitrogen fertilization efﬁciency in the most vulnerable
zones.
A number of studies showed that adequate pig slurry
applications can help to generate satisfactory crop yields, while
totally or partially offsetting the need for mineral fertilizer
applications (i.e. Brechin and McDonald, 1994; Cameron et al.,
1995; Petersen, 1996; Zebarth et al., 1996; Jensen et al., 2000;
Daude´n and Quilez, 2004). On the other hand, several authors
reported results which showed that there is an increased risk of
nitrate leaching when liquid manure is applied to soils in large
amounts or with inappropriate agronomic techniques (i.e. Nielsen
and Jensen, 1990; Cameron et al., 1995; Beckwith et al., 1998,
2002; Jensen et al., 2000; Harter et al., 2002; Sanchez-Pe´rez et al.,
2003; Thomsen, 2005; Mantovi et al., 2006). It has also been
observed that in ﬁelds in which pig slurry is applied at adequate
rates, there is less or equivalent nitrate leaching as compared to
ﬁelds in which mineral fertilizers are applied (i.e. Beauchamp,
1986; Carey et al., 1997; Diez et al., 2001).
Extensive research on the use of pig slurry as fertilizer has been
carried out in temperate (i.e. northern Europe, North America, New
Zealand) and Mediterranean (i.e. Italy, Spain) regions. Studies in
tropical regions are much scarcer despite the high growth of
livestock production and the increased recognition that on-farm
nutrient recycling is essential to avoid off-site environmental
degradation.
In this setting, the island of Re´union has some unique features. It
has a humid tropical climate with world daily and yearly precipita-
tion records. Soils originating fromvolcanicmaterials generally have
high clay and silt contents and have an aggregated structure with
highporosityandhydraulicconductivityvalues.Combinedwithhigh
rainfall intensities, greater water and possibly leaching ﬂuxes below
the root zone than in temperate regions may be expected (Hodnett
and Tomasella, 2002; Bernard et al., 2005). In addition, increased
rates of nitriﬁcation, denitriﬁcation and organic matter decomposi-
tion can occur due to higher air and soil temperature, with smaller
seasonal variations than in temperate areas.
Mechanistic models are powerful tools that can be used to
reproduce real systems as they are based on physical, chemical and
biological processes. However, most of them (Addiscott and
Wagenet, 1985; Wagenet and Hutson, 1989; Brusseau and Rao,
1990; Simunek and Suarez, 1993; Vanclooster et al., 1994; Jarvis,
1994; Eckersten et al., 1996; Simunek et al., 1999 among others)
were initially developed and evaluated under temperate climate
conditions. According to Thorsen et al. (1998), a model generally
cannot be validated, but must be tested under all conditions for
which it will be used, i.e. for different climate, soil, crop and
agronomic practices.Table 1
Selected physicochemical properties of the investigated soil.
Soil layer (cm) rd (g cm
3) pH (H2O) pH (KCl) C tot. (g kg
0–10 0.9 5.1 4.4 47.7
10–30 0.8 5.7 5.2 24.9
30–100 0.85 6.2 5.8 11.3
100–200 0.8 6.5 6.2 11.4
rd: Soil dry bulk density; pH (H2O): pH of soil water extract; pH(KCl): pH of soil KCl extr
(acetate method); Al(ox.) and Fe(ox.): Al and Fe of oxalate extraction.The goal of this study was threefold: (i) to gain further insight
into the processes which govern the fate of nitrogen in the
unsaturated zone after application of pig slurry on a tropical and
andic soil cropped with maize, (ii) to model these processes in that
context by comparing 2 years of ﬁeld data with simulations of the
mechanistic WAVE model (Vanclooster et al., 1994), and (iii) to
estimate the potential risk of nitrate leaching below the root zone
in conditions for which the model was not originally designed and
tested.
2. Materials and methods
2.1. Field experiment
The study was conducted on the western side of the island of
Re´union at the experimental site of Colimac¸ons (21870S, 558180E,
780 m ASL) during the southern summers (November to March) of
2003–2004 and 2004–2005. The climate is tropical with a hot
humid season between December and April, and a dry season
between May and November. The mean annual rainfall and
potential evapotranspiration levels are 1600 and 800 mm,
respectively, with a mean annual temperature of 19 8C with
variation of 2 8C around this value. During the study period of each
year, the mean daily temperature slowly increased from 19.5 8C at
sowing date to 21 8C at harvest time.
The soil is in the middle of a toposequence in which Andosols
(IUSS Working Group WRB, 2006) prevail. According to Feder and
Findeling (2007), it is classiﬁed as a desaturated andic Cambisol,
which includes: (i) a surface A horizon (0–40 cm), with a pHwater
below 6, and (ii) an andic B horizon (40–220 cm) characterized by a
pHwater between 6 and 6.6 and by lower organic matter content
and dry bulk density than in the ﬁrst horizon. At the Colimac¸ons
site, the interface between horizons A and B was found to be at
30 cm, thus highlighting the depth of layers for subsequent
measurements and modelling. The main physicochemical proper-
ties of this soil are given in Table 1. The subsoil consists of altered
ﬁssured and fractured rocks (Payet, 2005). The aquifer is located
several hundreds of meters below the surface (Join and Coudray,
1993), so there is a very thick unsaturated zone.
A ﬁeld that had been in fallow since 1983 was selected. An
unfertilized maize–oat rotation was set up in 2002–2003 in order
to reduce soil nitrogen storage prior to the experiment. In 2003, the
ﬁeld was split into two parts: one 620 m2 plot (PSP) was fertilized
yearly with pig (Sus scrofa) slurry from a nearby piggery, and
another 570 m2 control plot (CP)was left unfertilized. The ﬁeldwas
cropped with rainfed maize (Zea mays, local open-pollinated
variety) adapted to a tropical climate. It was sown in rows by
dibbling three grains every 50 cm with interrows of 1 m. Due to
losses during germination the ﬁnal density corresponded to about
50,000 plants ha1. The total cycle duration (between sowing and
maturity) was about 120–130 days, which is shorter than
commonly encountered in colder regions. Before sowing the
maize crop, pig slurry was applied on the surface of PSP at a rate of
approximately 65 m3 ha1 through a ﬁre hose nozzle. It was
immediately incorporated into the surface soil layer (0–10 cm) by1) N tot. (g kg1) CEC (cmol(+) kg
1) Al(ox.) + 1/2 Fe(ox.) (%)
4.91 8.71 2.3
2.68 10.9 1.8
1.25 8.7 3.7
0.91 8.7 4.1
act; C tot. and N tot.: total carbon and total nitrogen; CEC: cation exchange capacity
Table 2
Main physicochemical characteristics of pig slurry applied in 2003 and 2004.
2003 2004
Mean SD Mean SD
Dry matter, DM (g kg1 of fresh matter) 32.7 7.6 12.7 1.2
Density (kg L1) – – 1.01 0.03
Total OM (% of DM) 66.1 4.8 43.2 3.3
Total C (% of DM) 37.3 2.0 26.3 1.6
Total N (% of DM) 12 2.5 23 1.2
C/N of OM 28 – 10 –
N-NH4
+ (% of DM) 9.05 2.06 20.4 2.00
pHwater 7.6 0.06 7.8 0
SD = standard deviation for three measurements.
N. Payet et al. / Agriculture, Ecosystems and Environment 134 (2009) 218–233220chiselling in order to minimize ammonium loss by volatilization.
Table 2 gives the main physicochemical properties of pig slurry
applied in 2003 and 2004. A summary of the main agricultural
practices and the climate characteristics is given in Table 3 for the
two cropping seasons. Weeds were regularly controlled by spot
application of glyphosate and 2,4-D. Both plots were cropped with
unfertilized oats between the two successive maize cycles.
Each plot was equipped in order to monitor the soil water and
nitrogen dynamics. Volumetric water content proﬁles (u) were
measured by time domain reﬂectometry (TDR) probes (CS 616
Campbell Scientiﬁc) horizontally buried in pits at depths of 15 cm,
30 cm and every 30 cm down to 240 cm. They were connected to a
data logger (Campbell CR 10X-2 M) to obtain one measurement
every 20 min. Due to the speciﬁc characteristics of the volcanic soil
(Miyamoto et al., 2001) each probe was duly calibrated in the
laboratory on repacked ﬁeld soil samples. Soil water pressure head
(h) was measured by tensiometers installed vertically from the
surface at the same depths as the TDR probes. Measurements were
manually obtained two to three times per week by a tensimeter
device (SDEC1 SMS2500S). Soil temperature was measured at 10,
30 and 200 cm depths by thermocouples and stored on the
datalogger every 20 min. The soil solution was sampled by suction
porous cups installed vertically at ﬁve depths (20, 45, 75, 135,
175 cm). Samples were collected after a depression of—70 hPa had
been applied for about 24 h by a vacuum pump. They were kept at
4 8C before chemical analysis. Nitrate concentrations were
measured by ionic chromatography (Dionex DX 100). Ammonium
concentrations in the soil solution were not measured. The N
concentration in the soil proﬁle in each treatment was recorded
(four replicates per plot) every 2 weeks. Samples were taken with
an auger at different depths: 0–10 cm, 10–30 cm, and every 30 cm
down to 210 cm. At each depth, the four samples were mixed and
nitrate and ammonium concentrations were determined in the 1:3
soil extract (1 h shaking) with 1 M KCl solution by continuous ﬂux
colorimetry (Alliance Instruments).
Each treatment was also equipped with a runoff plot (3 m long,
1 m wide) bordered by a thin steel sheet driven a few centimeters
into the soil. Collectedwaterwasmeasured by an automatic device
(one measurement every 20 min) installed downstream in a smallTable 3
Summary of agricultural practices carried out in the 2003–2004 and 2004–2005 cropp
Year Treatment Application date
of pig slurry
Sowing date A
r
s
2003–2004 Pig slurry plot 29 Oct. 03 20 Nov. 03 6
Control plot – 20 Nov. 03
2004–2005 Pig slurry plot 20 Nov. 04 6 Dec. 04 6
Control plot – 6 Dec. 04
Numbers in brackets are standard deviations for ﬁve measurements.pit. On-site rainfall was automatically recorded by a tipping bucket
connected to a data logger (one measurement every 10 s). Daily
Penman-Monteith potential evapotranspiration (PET) values were
calculated from solar radiation, wind speed, air temperature and
humidity routinelymeasured at ameteorological station located in
the same ﬁeld.
Soil water retention curves, h(u), were experimentally deter-
mined by correlating water pressure heads and volumetric water
contentsmeasured at the same depths and times. Field valueswere
complemented by laboratory pressure platemeasurements up to—
1.5  104 hPa. The Van Genuchten closed-form equation (Van
Genuchten, 1980) was ﬁtted to the experimental values. Soil
hydraulic conductivity curves, K(u), were obtained at different
depths by performing a classical internal drainage test (Vachaud
et al., 1978). Values close to saturation were determined at the
surface and at two depths (135 and 220 cm) by using the tension
disk inﬁltrometer method described in Vauclin and Chopart
(1992). The Brooks and Corey (1964) equation was ﬁtted to the
measured values.
The leaf area index (LAI) of maize was classically determined
from the leaf sizes measured by sampling 10 plants per treatment
at two dates after sowing in 2004 (62 and 74 DAS) and 20 plants in
2005 (36 and 58 DAS). The geometrical characteristics of the root
system (root length density, total root length and root front depth,
mean distance between roots) were determined at different maize
phenological stages by the trench-proﬁle method (Bo¨hm, 1976;
Vepraskas and Hoyt, 1988). The model developed by Chopart and
Siband (1999) was used to calculate these characteristics from
counts of numbers of living roots on a grid placed on walls of pits
dug perpendicular to the rows. The corresponding LAI and root
front depth (Lr) values for the PSP and CP are given in Table 4 for the
two maize cycles. For the estimation of plant growth and ﬁnal
yield, ﬁve 3 m2-areas of each plotwere harvested at different dates.
The sampled aboveground fresh biomass was weighed and oven
dried at 80 8C for 48 h to obtain the dry matter mass (Table 3). The
total nitrogen concentration was determined using the standard
Kjeldahl analysis. Sampleswere collected only at 100 DAS in 2003–
2004 and at 36, 58, 77 and 100 DAS in 2004–2005.
2.1.1. Experimental estimation of soil water budget
For each plot, the soil water budget components were
calculated from the mass conservation law between the surface
and a control depth (zd = 135 cm)which correspondedmore or less
to the maximum depth of the root front measured at harvest in
both plots (Table 4). This leads to:
DS ¼ R RN AET D (1)
where DS is the variation in soil water storage between two dates
separated byDt, R is the rain amount, RN is the surface runoff, AET
is the actual evapotranspiration and D is the drainage at zd. All
values are expressed in mm of water.
DS in the soil proﬁle was calculated from the volumetric water
content, u (cm3 cm3), measured by TDR probes. R and RN were
recorded in the ﬁeld. Drainage losses below zd were estimated bying seasons. Each year, maize was harvested about 120 days after sowing.
pplication
ate of pig
lurry (m3 ha1)
Nitrogen
application
rate (kg ha1)
Rain between
sowing and
harvest (mm)
Total dry
matter (T ha1)
7 264 720 13.6 (2.1)
– 720 8.5 (1.8)
4 185 1066 12.4 (1.9)
– 1066 8.6 (1.6)
Table 4
Leaf area index (LAI), crop coefﬁcient (Kc), root front depth (Lr) and N uptake (Nupt) by crop measured at different dates on both treatments during the 2003–2004 and 2004–
2005 cropping seasons.
Year DAS Pig slurry plot Control plot
LAI Kc Lr (m) Nupt (kg ha
1) LAI Kc Lr (m) Nupt (kg ha
1)
2003–2004 43 – 0.75 0.56 – – 0.71 0.32 –
62 2.38 (0.51) 0.95 0.77 – 1.34 (0.53) 0.9 0.43 –
74 2.65 (0.73) 1.05 0.99 – 1.82 (0.46) 1 1.03 –
100 – 1.2 1.4 183 – 1.14 1.42 102
2004–2005 10 – 0.5 – 0 – 0.48 – 0
36 0.47 (0.17) 0.7 0.52 99 0.31 (0.19) 0.65 0.28 69
58 2.39 (0.68) 0.95 0.79 144 1.90 (0.63) 0.9 0.45 71
77 – 1.05 0.97 154 – 1 1.01 91
100 – 1.2 1.4 168 – 1.14 1.42 94
Numbers in brackets are standard deviations of 10 and 20 measurements of LAI, respectively. DAS is day after sowing.
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D ¼ KðuÞdH
dzDt
(2)
where K(u) is the unsaturated hydraulic conductivity (mm h1)
measured at zd. H is the hydraulic head (cm of water) deﬁned as
h  z, where z (cm) is the depth positively oriented downward,
with the origin taken at the soil surface. The hydraulic head
gradient at zd was calculated from tensiometer readings at z = 120
and 150 cm. The actual evapotranspiration (AET) was thus
obtained from Eq. (1), with all the other terms being known.
2.1.2. Experimental estimation of nitrogen budget
For the PSP treatment, the mineral nitrogen budget was
calculated by using the mass conservation law between the soil
surface and zd:
DNmin ¼ Nappl þ Nnetmin  Nupt  Nleach (3)
where DNmin is the variation in soil total mineral nitrogen (NO3

and NH4
+) storage between two dates separated by Dt, Nappl is the
amount of applied inorganic nitrogen by pig slurry, Nnet min is the
net mineralization of soil and manure organic nitrogen during Dt,
Nupt is the nitrogen crop uptake, and Nleach is the amount of nitrate
leached below zd, upwards water ﬂuxes being considered
negligible in our conditions. All the terms are expressed in
kg N ha1. Note that gaseous losses were neglected in Eq. (3).
Equation (3) was also applied to the control plot with Nappl = 0
and only soil organic nitrogenwas concerned in themineralization
process.
DNmin was calculated from total nitrogen concentrations
measured on soil samples taken at different depths and dates.
Nupt was calculated from the plant total N concentration between
the same dates. The amount of nitrate leached below zd was
estimated by:
Nleach ¼ 10CrD (4)
where Cr, expressed here in g L
1, is the resident nitrate
concentration of the soil solution extracted by porous cups at zd
and D (mm of water) is given by Eq. (2). Note that Eq. (4) assumes
that dispersive transport is negligible as compared to convective
transport.
Consequently, Eq. (3) calculates the net mineralization, Nnet min,
with all other terms being known.
It was assumed that nitrogen input from rain was negligible
since winds in the vicinity of the experimental site come during
most of the time from sea, which is very close to the ﬁeld station.2.2. Modelling
2.2.1. Modelling description and conditions
The process-based WAVE model (Vanclooster et al., 1994)
describes the one-dimensional vertical transport and transforma-
tions of matter (water and agrochemicals) and energy in the soil-
crop continuum. It combines the SWATNIT model (Vereecken
et al., 1991), that integrates the SWATRER model (Feddes et al.,
1978), a nitrogen module based on the SOILN approach
(Bergstro¨m et al., 1991), a heat and solute transport model based
on LEACHN (Wagenet and Hutson, 1989) and the crop growth
SUCROS model (van Keulen et al., 1982; Spitters et al., 1988). A
very detailed description of the model was given by their
developers (Vanclooster et al., 1994, 1995), and more recently
by Duwig et al. (2003). It should bementioned that since our ﬁeld
experiments did not provide the necessary data to use the SUCROS
module, the plant growth was forced by the observed time
variations in the LAI, the crop coefﬁcient (Kc) and root density
proﬁles.
For both treatments, WAVE was applied to a 0–200 cm soil
proﬁle divided into four layers (0–10, 10–30, 30–100 and 100–
200 cm). Each layer was deﬁned according to observed soil
properties (Table 1) and was assumed to be homogeneous. The
model was forced at the soil surface by daily rainfall and PET
values. The upper boundary condition for inﬁltrated water was
either ﬂux or pressure head type depending on the rainfall
intensity as compared to the soil inﬁltrability. The free drainage
condition was set at the bottom of the soil proﬁle (z = 200 cm). The
air temperature was measured at the soil surface. The soil
temperature at z = 200 cm was considered constant in time and
set at 24 8C. For the PSP treatment, quantities of organic and
mineral nitrogen in pig slurry were measured at the surface. The
organic fraction was included in the manure pool of the 0–10 cm
soil layer, and the mineral fraction (NH4
+) was incorporated into
the ﬁrst 10-cm depth. For the CP treatment, zero ﬂuxwas set at the
surface for both organic and mineral N. For both treatments, a zero
concentration gradient was set at the bottom of the simulated ﬂow
domain for NO3
 and NH4
+ solutes.
Measured values of soil volumetric water content and solute
concentration in the proﬁle aswell as C andN concentrations in the
different organic matter pools (see below) were entered as initial
conditions of every simulation run. The initial soil temperature
proﬁle was provided by thermocouple measurements.
Water, heat and solute equations ofWAVEwere solved by using
a ﬁnite difference technique with a regular node spacing of 0.5 cm
and a variable time step ranging from a few seconds for fast
processes, such as transport phenomena and solute transforma-
tions during rainfall, to 1 day for slower processes such as
evapotranspiration.
Table 5
Overview of the most important model parameters and summary of the way they were acquired.
Model parameter Values Sensitivity analysis
Prescribed Measured Calibrated
Water ur 0 n/a
us Field + lab. n/a
ad; n Field + lab. 100–200 cm (+)
Ks; h Field 0–10 cm (+)
Smax (0); g(h) 0.03 d
1; (a) (+); n/a
Lr Field (Table 4) n/a
RDENS (0) 0.6 cm cm3 n/a
ardens 4  102 cm1 n/a
RORAD 2.2  102 cm n/a
D0 10
3 m n/a
CanStormax 0.5 mm d
1 (+)
LAI, Kc ﬁeld (Table 4) (+); (+)
Heat C* (u); k(u) (b) rd (Table 1) n/a
Solute l Laboratory (+)
D0 12  105 m2 d1 n/a
a; b 102, 10 n/a
Kd (NO3
) Laboratory 4 soil layers (+)
Kd (NH4
+) 4 soil layers (+)
RNMAXP 170 kg N ha1 n/a
N-transformations fe; fh 0.5; 0.15 (+); (+)
Knit 0.1 d
1 (+)
Kdenit; Kvolat; Klit 0; 0; 0 n/a
Kman 4 soil layers +
Khum 4 soil layers +
Parameters submitted to a sensitivity analysis are indicated by (+). All the symbols are deﬁned along the text.
(a) Feddes et al., 1978; (b) de Vries (1952).
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The most important WAVE parameters are summarized in
Table 5 along with the way they were obtained.
2.2.2.1. Soil water ﬂow and related maize crop parameters. Mea-
sured soil water pressure head versus volumetric water content
and hydraulic conductivity versus water content were readily
ﬁtted by van Genuchten (1980) linked by Burdine (1953) equation
and Brooks and Corey (1964) expression. However, preliminary
WAVE simulations showed the need to calibrate some of these
parameters (see below). The resulting values are given in Table 6
for the four layers. Crop coefﬁcient, Kc, as a function of the maize
phenological stages, was taken from values given by Doorenbos
and Pruitt (1977) forced on ﬁeld measurements obtained at some
selected dates (Table 4). Since no actual amount of rainfall (R)
intercepted by the canopy data for maize was found in the
literature, a CanStormax value of 0.5 mm d
1 given by Rutter and
Morton (1977) for small trees was used.
The actual crop water uptake rate, S(h, z), proposed by Feddes
et al. (1978)was used and its related critical pressure heads of the g
(h) functionwere assigned to the values cited byHupet et al. (2003)
for maize. The maximum root water uptake Smax (z) (Feddes et al.,
1978) was described by an exponential decay function for depth
which was determined from observed root length density proﬁles.
For both treatments, the decay coefﬁcient was estimated atTable 6
Summary of some selected soil parameters used in the WAVE model.
Soil layer (cm) rd (Mg m
3) ur (m
3 m3) us (m
3 m3) ad (mm
1) n
0–10 0.97 0 0.64 2.7 2.12
10–30 0.83 0 0.65 2.6 2.09
30–100 0.82 0 0.67 0.9 2.08
100–200 0.76 0 0.72 2.0a 2.04a
rd: dry soil bulk density; ur, us,ad, and n: parameters of the van Genuchten equation; Ks an
and Kd [NH4
+]: partition coefﬁcients for nitrate and ammonium, respectively.
a Calibrated values.0.03 d1. Average root radius (RORAD), root length density at the
soil surface (RDENS0), and its decay coefﬁcient with depth (ardens)
were set at 2.2  102 cm, 0.60 cm cm3 and 4  102 cm1,
respectively. The mean distance between the soil solution and
the root surface was set at D0 = 10
3 m. Maximum nitrogen uptake
by maize (RNMAXP) was set at 170 kg N ha1. On the PSP, the
observed time course of the root front depth, Lr, was found to be
highly linear at a growing rate of 1.4 cm d1 from the end of
germination (7 DAS) to 100 DAS where it reached 140-cm depth
(Table 4). On the CP, the temporal development of the root front
was more erratic with a slower growth rate (0.90 cm d1) than in
the PSP for the ﬁrst 50 DAS, with a faster rate between 50 and 70
DAS, so the front reached a maximum depth equivalent to that of
the PSP at 100 DAS (Table 4). More details can be found in Chopart
et al. (2007).
2.2.2.2. Heat transfer parameters. Soil volumetric heat capacity,
C*(u), and thermal conductivity, k(u), as function of the soil bulk dry
density rd (Table 1) and volumetric water content u were
calculated according to the de Vries equations (1952) encapsulated
in WAVE.
2.2.2.3. Solute movement and nitrogen cycle parameters. The diffu-
sion coefﬁcient D0 and its related parameters a and b were set at
D0 = 12  105 m2 d1, a = 0.001 and b = 10.0, respectively (OlsenKs (mm h
1) h l (mm) Kd [NO3
] (L kg1) Kd [NH4
+] (L kg1)
45a 0.49a 10 1.11a 2a
78 0.67 10 1.11a 2a
283 0.04 30 0.50a 0a
283 0.02 30 0.30a 0a
d h: parameters of the Brooks and Corey equation; l: dispersivity length; Kd [NO3
]
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lengths, l, were obtained in the laboratory from measured
breakthrough curves of a solution of KCl percolating into repacked
soil columns. They were estimated at 10 mm for the ﬁrst two top
layers (0–10 and 10–30 cm) and at 30 mm for the other two deeper
layers (Payet, 2005). These values are similar to those obtained by
Duwig et al. (1999) for a ferralitic-allitic tropical soil and fall within
the range reported by Ramos and Carbonel (1991) for repacked
soils. Laboratory experiments carried out on both batch reactor and
column with soil repacked at the same bulk density as in the ﬁeld
showed that NO3
 was signiﬁcantly adsorbed in this andic soil.
Experimental values were adequately represented by linear
isotherms of adsorption (Payet, 2005). However, the ﬁrst WAVE
simulation runs showed that the corresponding solute distribution
coefﬁcient (Kd) values were not fully satisfying with respect to
properly representing the in situ nitrate transport. Consequently,
they were calibrated by ﬁtting the model to the experimental ﬁeld
data (see below). The resulting values are given in Table 6 for the
four soil layers. They led to retardation factors (RF = 1 + rd Kd/u) of
about 2.8, 2.6, 1.7 and 1.4, respectively, from top to bottom. The
calibrated Kd [NO3
] values appeared to be similar to those given
by Kinjo and Pratt (1971) and Maeda et al. (2003) for different
andic soils of comparable acidity, but higher than estimates
reported by Duwig et al. (2003) for a tropical oxidic ferralitic soil
that also presented anionic retention.
Ammonium was also considered to be reactive with the soil
particles. Kd [NH4
+] was estimated at 2  103 m3 kg1 for the 0–
10 and 10–30 cm soil layers, and at 0 for the two other ones by
ﬁtting the model to the experimental data (see below). The
retardation factors for the ﬁrst two top layers (RF = 4.2 and 3.9,
respectively) were signiﬁcantly higher than those for nitrate. This
means that NH4
+ transport would likely be more delayed than
NO3
 and obviouslymore than thewater ﬂow. CalibratedKd [NH4
+]
values (Table 6) were close to those suggested by Vereecken et al.
(1991), but higher than those reported by Ducheyne et al. (2001)
for most soils in Belgium, ranging from silt to clay.
Some of the N turnover parameters were taken from literature
values given in the WAVE user’s manual (Vanclooster et al., 1994).
The C turnover efﬁciency fe was set at 0.5 for awell aerated soil, and
the humiﬁcation constant fh was set at 0.15. For the control plot,
the total soil organic matter was represented only by the humus
pool because all the shoots of the previous oat crop were hand
removed. This led to consider negligible the litter degradation rate
Klit. For the pig slurry plot, the total soil organic matter was
represented by the humus and slurry pools. Since no detailed study
on the fate of organic matter was carried out, the decomposition
rates were obtained by the best ﬁt between WAVE outputs and
ﬁeld data (see below). For both plots, the humus decomposition
rates (Khum) were retained at 9  105, 6  105 d1 for the ﬁrst
two layers (0–10 cm and 10–30 cm), and 0 for the deeper layers.
The decomposition rate of manure (Kman) for the PSP treatment
was 0.02 d1 for the same two top layers, and 0 for the deeper ones.
NH4
+ nitriﬁcation was described by a high constant (Knit = 0.1 d
1)
since ammonium was observed to disappear rapidly in the 0–
30 cm horizon. The denitriﬁcation constant Kdenit was assumed to
be 0. Volatilization rate, Kvolat, was also set at 0 because pig slurry
was applied in the absence of wind and immediately incorporated
into the surface layer. In addition, it was thought that the initial soil
and pig slurry pH values (Tables 1 and 2, respectively) led to a
mean value of under pH 7 for which volatilization can be neglected
(Stevenson, 1982). The C/N ratio of the soil organic matter was
calculated as the mean between the C/N value given by Bradbury
et al. (1993) for microbial biomass in arable soils (C/N = 6.7) and
the measured organic matter at the soil surface (C/N = 9.3). The
resulting value (C/N = 8.0) falls well within the range of data
reported in the literature (Dendooven, 1990).2.3. Modelling strategy
The model had to be calibrated due to the lack of knowledge of
some parameters and/or uncertainties in their experimental
determinations. This was achieved step by step to account for
interactions between organic matter transformations and trans-
port processes. First, the water ﬂow sub-model was calibrated on
both plots. Then, parameters for solute transport and nitrogen
transformation were calibrated using control plot data. Finally,
data collected on the pig slurry plot allowed calibration of the
manure decomposition rate. A summary of some selected
parameters is given in Table 6. The calibration procedure was
based on the assumption that transport and transformation
parameters did not vary between both plots. It was performed
on the 2004–2005 ﬁeld measurements since that year presented
the most complete dataset.
Assessment of parameter sensitivity prior to any model
calibration is of paramount importance, as efforts should normally
be concentrated on parameters for which the simulation model is
most sensitive. In the present work, a sensitivity analysis was
carried out empirically to evaluate the impact of parameter
uncertainties on model outputs.
The results obtained by WAVE with the set of calibrated
parameters (Popt) were considered as the control solution Yopt for
the sensitivity analysis. The model was subsequently run many
times for different input parameter values. For each evaluation, the
output Y was compared to Yopt and the results were expressed in
terms of the relative error y = (Y  Yopt)/Yopt which arises from the
relative uncertainty x = (P  Popt)/Popt introduced to parameter P.
These are listed in Table 5. Note that since only one parameter was
changed at once (with the others kept unchanged), it was not
possible to study correlated effects on the parameter sensitivity.
This analysis was mainly focused on drainage and nitrate leaching
losses below the root zone.
The prediction capacity of WAVE was subsequently evaluated
on the 2003–2004 data, by not changing the parameter values from
the model calibration. For both the calibration and validation
stages, a trial and error method was adopted, using statistical and
graphical criteria for evaluating the model performance. The Nash
efﬁciency coefﬁcient, EF (Nash and Sutcliffe, 1970), the normalized
root mean square error, NRMSE, and the coefﬁcient of residual
mass, CRM (Loague and Green, 1991) were used to express the
goodness of ﬁt between simulated and observed values. EF, NRMSE
and CRM should be as close as possible to 1, 0, and 0, respectively.
Negative EF values mean that the mean measurement value is a
better estimate of the measurements than the model. Since WAVE
is amechanistic-basedmodel, we considered that it was important
to not only consider ﬂuxes across the soil proﬁle boundaries (actual
evapotranspiration and runoff at the surface, drainage and nitrate
leaching losses below the root zone), but also to look at the internal
state variables (temporal variations in soil water content, soil
water pressure head, NH4
+ and NO3
 concentration at different
depths) in the comparison between simulated and observed
values.
3. Results and discussion
3.1. Agricultural practices and crop development
Table 2 shows that there was high yearly variability in the
physicochemical characteristics of slurries, as also mentioned by
Leiro´s et al. (1983) or Sa´nchez and Gonza´lez (2005). The slurry
spread in 2003 was richer in nitrogen than that applied in 2004.
In 2004, 89% of the pig slurry nitrogen content was in the form of
ammonium, as compared to 75% in 2003. Different C/N values in
2003 and 2004 could reﬂect more or less important nitrogen
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had a higher LAI than in the CP in 2004 and 2005 (Table 4).
However, the values were relatively low as compared to those
generally noted in temperate regions. This could mainly be
attributed to the low solar radiation during the cropping cycles.
At harvest, the total dry matter (Table 3) in the PSP was 60%
higher than in the CP in 2004 and 44% higher in 2005. Pig slurry
application substantially improved maize shoot biomass devel-
opment. Nitrogen uptake by the maize crop was higher both
years in the PSP and could have been linked to the application of
high amounts of mineral and organic nitrogen. In 2004, a
264 kg N ha1 application resulted in an 81 kg N increase in N
uptake by the maize crop, and in 2005 a 185 kg N ha1
application resulted in an 74 kg N increase. On this basis, a
mineral fertiliser equivalent (MFE) was calculated for the pig
slurry and ranged from 30.7 to 40%, whereas MFE values for pig
slurry mentioned by several authors (Chabalier et al., 2006;
Sorensen and Eriksen, 2009) ranged from 60 to 100%. AlthoughFig. 1.Measured (symbols) and simulated (continuous lines) soil volumetric water
content and water pressure head at 15 cm (in grey) and 150 cm (in black) depths of
both treatments for the 2003–2004 year (model validation). Daily values of
precipitation (R) and potential evaporation (PET) are also reported. Maizewas sown
on 20 November (DAS = 0) and pig slurry was applied on the PSP on 29 October
2003.our experiment was not designed to assess MFE in optimal
conditions, it can be assumed that the values obtained were
lower than usually obtained.
3.2. Water ﬂow
Daily rainfall and potential evapotranspiration values for the
two cropping seasons are displayed in Figs. 1 and 2, which also
show examples of the time course of volumetric water content and
water pressure heads measured at two depths (15 and 150 cm) for
each treatment. Cumulative values of the soil water balance
components as a function of time are presented in Fig. 3 for both
maize cycles and plots. Values between sowing and harvest are
given in Table 7.
Rainfall in 2003–2004 was 720 mm and 1041 mm in 2004–
2005. In the 2004–2005 cropping season, eight rainstorms
exceeded 50 mm d1 and only three in 2003–2004. No cyclones
affected the island during the two study periods.Fig. 2.Measured (symbols) and simulated (continuous lines) soil volumetric water
content and water pressure head at 15 cm (in grey) and 150 cm (in black) depths of
both treatments for the 2004–2005 year (model calibration). Daily precipitation (R)
and potential evaporation (PET) values are also reported. Maize was sown on 6
December (DAS = 0) and pig slurry was applied on the PSP treatment on 20
November 2004.
Fig. 3.Measured (symbols) and simulated (continuous or dotted lines) cumulative soil water balance component values during the 2003–2004 (model evaluation) and 2004–
2005 (model calibration) cropping seasons for both treatments. DAS is day after sowing.
Table 7
Measured and simulated cumulative soil water balance component values between maize sowing and harvest in both treatments and for the two cropping seasons.
Rainy season Treatment DS between 0 and 135 cm AET Drainage at 135 cm Surface runoff
2003–2004 Control plot Measured 68 312 329 0
Simulated 58 276 375 0
2003–2004 Pig slurry plot Measured 72 319 318 0
Simulated 69 308 332 0
2004–2005 Control plot Measured 134 257 625 50
Simulated 127 213 657 69
2004–2005 Pig slurry plot Measured 140 285 591 50
Simulated 128 257 607 74
DS and AET are the soil water storage variation and actual evapotranspiration, respectively. Values are in mm.
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up at 15 cm depth reacted to almost every rain event, responses at
150 cm depth were only sensitive to rain intensities higher than
30 mm d1. For both plots and years, drainage began to occurwhen
the soil water storage reached ﬁeld capacity, corresponding to
about 100 mmexcess water in the 0–135 cm soil layer (which then
contains 850 mm). Thereafter, all rain events higher than
30 mm d1 led to drainage at 135 cm depth. About 320 mm in
2003–2004 and 610 mm in 2004–2005 were drained beyond the
root zone (Table 7), which corresponded to 45 and 57% of the rain
quantities, respectively. Note that drainage loss of the PSP was
slightly lower than that of the CP (by 3% in 2003–2004 and 5.5% in
2004–2005). In terms of dynamics, drainage was very fast when
the soil water content was close to saturation: approximately 30%of any substantial rain was drained beyond the root zone within
24 h. This was attributed to the high hydraulic conductivity of this
soil (Table 6) and corroborates results obtained in other andic soils
by Shoji et al. (1993), Fontes et al. (2004) and Cattan et al. (2006).
This high hydraulic conductivity also explains that very little
runoff was observed in spite of the very high rain intensities. In
2003–2004, no runoff wasmeasured on either of the plots and only
50 mm (4% of the total precipitation) was recorded in 2004–2005.
Runoff occurred during very heavy rains. For instance, at 83 DAS,
12 mm was measured for a rain event of 85 mm h1, i.e. a much
higher intensity than the saturated hydraulic conductivity
(45 mm h1) of the soil surface (Table 6). For both cropping
seasons, in both plots, cumulative actual evapotranspiration (AET)
values were close to maximum (more than 90%), indicating that
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about 2% in 2003–2004 and 10% in 2004–2005) than in the CP
(Table 7). This is in line with drainage loss results and with the
better growth of maize on PSP, as conﬁrmed by the higher dry
matter yield on this plot (Table 3).
3.2.1. Model calibration and sensitivity analysis
The ﬁrst WAVE simulation runs showed that some of the input
parameters required calibration, although they were experimen-
tally obtained. This was achieved through a trial and error
approach to deﬁne the objective function, as the differences
between simulated and observed time series of water contents and
water pressure heads at 15, 30, 60, 90, 120, 150, and 180 cm depth
for the 2004–2005 cropping period. Table 6 gives the calibrated
values of the saturated hydraulic conductivity (Ks) and of the shape
factor (h) (Brooks and Corey, 1964) for the superﬁcial soil layer (0–
10 cm), and of n and the scale factor (ad) (van Genuchten, 1980) for
the 100–200 cm soil layer. The corresponding simulated results are
reported in Fig. 2 forwater contents andwater pressure heads at 15
and 150 cm depths and in Fig. 3 for the soil water budget
components. Statistics are given in Table 8 for h and u at different
depths.
For both treatments, Fig. 2 shows that the time course of the
experimental water content and water pressure head values were
fairly reproduced by the model. However, the statistics for h and uTable 8
Statistics of EF, NRMSE and CRM between observed and simulated values at different
H Control plot
2003–2004a 2004–2005b
EF NRMSE CRM EF NRMSE CRM
N = 52 N = 48
15 cm <0 78.5 19.1 0.89 121.5 0
30 cm <0 47.9 6.2 0.84 153.4 15
60 cm 0.77 32.1 9.0 <0 39.6 6
90 cm 0.85 29.4 6.9 <0 50.4 9
120 cm 0.86 31.5 1.6 <0 41.3 6
150 cm – – – – – –
180 cm – – – – – –
u Control plot
2003–2004a 2004–2005b
EF NRMSE CRM EF NRMSE CRM
N = 125 N = 85
15 cm 0.31 11.5 7.0 <0 13.5 6
30 cm 0.35 6.2 5.5 0.73 16.3 11
60 cm 0.76 4.0 2.6 0.92 18.3 11
90 cm 0.68 5.8 4.0 0.84 13.1 8
120 cm 0.49 5.7 4.9 <0 3.8 2
150 cm 0.63 2.8 2.9 0.544 9.4 6
180 cm 0.86 1.7 1.1 <0 1.8 0
C Control plot
2003–2004a 2004–2005b
EF NRMSE CRM EF NRMSE
N = 9 N = 9
0–10 cm <0 113.1 5.3 0.30 63.3
10–30 cm <0 108.9 1.5 0.63 38.2
30–60 cm <0 192.1 7.0 0.10 43.2
60–90 cm <0 208.7 5.4 0.57 33.9
90–120 cm 0.41 93.3 0.6 0.76 27.1
120–150 cm <0 91.9 0.3 <0 62.2
150–180 cm 0.28 61.6 1.1 <0 69.4
NRMSE and CRM are expressed in %. N is the number of observations.
a Model validation.
b Model calibration.(Table 8) differed depending on the criteria used. For instance,
based on CRM values, WAVE tended to slightly underestimate
(resp. overestimate) the observed water content values in the pig
slurry treatment (resp. control treatment). At some depths, the two
other criteria indicated a very satisfactory representation of the
measured water contents (i.e. EF = 0.97 and NRMSE = 13.4% at
z = 120 cm, or EF = 0.71 and NRMSE = 6% at z = 150 cm for PSP;
EF = 0.92 and NRMSE = 3.4% at z = 60 cm, or EF = 0.84 and
NRMSE = 3.1% at z = 90 cm for CP). At other depths, (i.e. z = 30,
90 and 180 cm for PSP; z = 15, 120 and 180 cm for CP), the EF values
indicated a poor restitution of the measured water contents by
WAVE, while the NRMSE values were still very acceptable (except
at z = 180 cm for PSP). The water pressure head results were not as
accurately reproduced by the calibrated model for both treat-
ments, especially for the surface layers, when the discrepancies
were measured according to the NRMSE statistics, and via the EF
statistics for the deeper layers. Apart from the fact that there were
fewer measurements than for the water contents, it may also have
been due to the nonlinear shape of the water retention curve with
increasing sensitivity of h to u uncertainties as the water pressure
head decreased. Similar behaviour was also reported by Duwig
et al., 2003. Moreover, detailed assessment of the h time series
(Fig. 2) showed that the greatest discrepancies between the
observed and simulated values occurred when the soil was
relatively dry, and corresponded to a range ofwater pressure headsdepths for the WAVE calibration and validation.
Pig slurry plot
2003–2004a 2004–2005b
EF NRMSE CRM EF NRMSE CRM
N = 52 N = 48
.7 <0 111.7 11.5 0.71 159.6 26.0
.4 <0 31.7 3.5 0.85 172.9 34.3
.3 <0 88.1 14.1 0.98 379.3 51.5
.0 <0 72.8 7.4 <0 37.4 6.8
.1 0.84 32.6 13.7 0.38 85.2 3.9
<0 205.2 39.9 <0 42.2 3.8
0.94 22.3 4.6 0.32 79.9 5.4
Pig slurry plot
2003–2004a 2004–2005b
EF NRMSE CRM EF NRMSE CRM
N = 125 N = 85
.1 0.42 10.5 0.0 0.75 21.8 7.2
.1 0.55 9.1 4.4 <0 12.6 14.3
.1 <0 8.8 7.1 0.14 7.8 14.1
.3 0.35 6.7 7.0 <0 5.4 2.3
.1 <0 5.4 5.4 0.97 13.4 2.5
.2 0.80 2.9 1.3 0.71 6.0 6.3
.7 0.86 1.7 0.1 0.02 55.8 0.7
Pig slurry plot
2003–2004a 2004–2005b
CRM EF NRMSE CRM EF NRMSE CRM
N = 9 N = 9
3.3 0.82 48.3 1.2 0.39 77.0 3.8
1.1 0.01 86.9 0.1 0.65 54.5 3.2
0.3 <0 67.1 2.8 0.11 44.6 1.9
1.4 0.40 40.8 3.1 <0 41.7 1.5
1.3 <0 80.9 6.6 0.62 25.0 1.1
3.9 <0 128.5 7.6 0.65 29.6 0.2
5.1 <0 113.1 7.3 <0 54.1 0.8
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(below about 5 to 6  102 hPa).
The time course of the observed cumulative values of the soil
water budget components was reasonably well simulated by the
calibrated model, as seen in Fig. 3 for both plots, with a slight
overestimation of experimental values of drainage losses from
sowing to harvest and underestimation of water storage variations
(Table 7). Estimates of actual evapotranspiration were more
drastically underestimated for the control (17%) and pig slurry
(9.8%) treatments. Nevertheless, these discrepancies,whichmainly
occurred at the end of the cropping season (Fig. 3), could still be
considered acceptable when considering that the experimental
AET values were indirectly obtained from the closure of the soil
water budget (Eq. (1)). All of these differences resulted in a
relatively poor simulation of the measured runoff volumes, which
were overestimated by 31% and 48% for the CP and PSP treatments,
respectively. Note, however, that the calibrated Ks and h values for
the 0–10 cm soil layer allowed a faithful reproduction of the
observed runoff onset time on both plots.
Fig. 4 presents the relative errors (y) of the cumulative drainage
losses at zd = 135 cm as a function of the following input parameter
relative uncertainties (x): Kc, LAI, Smax, CanStormax, Ks and h. The
model calculations were performed using the 2004–2005 meteor-
ological data. The responses of WAVE to these uncertainties were
nonlinear and nonsymmetric. For instance, underestimation of Kc
led to higher error in drainage than that resulting from an
equivalent overestimation of the same parameter. Among the
parameters which were considered, Kc, Ks, h (and to a lesser extent
Smax) were the ones which more affected the drainage. As reported
by Duwig et al. (2003) for maize growing in wet tropical
conditions, cumulative drainage simulated by WAVE was also
very sensitive to Kc, while this is one of the most difﬁcult
parameters to accurately determine. Similar trends were obtained
by Chopart and Vauclin (1990) for upland rice in Coˆte d’Ivoire, as
well as by Hupet et al. (2003) who found that Kc was the thirdmost
sensitive parameter, after us and n, for maize cultivated in a
medium–ﬁne soil (Ks = 50 mm d
1). Drainage was not very
sensitive to LAI and CanStormax, at least in their variation range.
The inﬂuence of parameters ad and n, describing the water
retention curve for the 100–200 cm soil layer with respect to
drainage loss was found to be negligible (results not shown).
Drainage was not very sensitive to the saturated hydraulic
conductivity (Ks) of the surface layer, as long as it remained
higher than a critical value for allowing water to inﬁltrate into the
soil. On the other hand, the cumulative drainage at the base of the
soil was very sensitive to scale parameter h. However, it was not
necessary to make it vary in such proportions during the modelFig. 4. Relative sensitivity of the simulated cumulative drainage losses at 135 cm
depth to relative changes (y-axis) in the model input parameters (x-axis): crop
coefﬁcient (Kc), leaf area index (LAI), maximum cropwater uptake (Smax), maximum
amount of rainfall intercepted by canopy (CanStormax) and hydraulic properties (Ks,
h) of the 0–10 cm soil layer (mean values between the control and pig slurry plots).calibration. The inﬂuence of parameters ad and n, describing the
water retention curve for the 100–200 cm soil layer with respect to
drainage loss was found negligible (results not shown).
3.2.2. Model evaluation
WAVE was evaluated on data collected during the 2003–2004
cropping season, which was a much drier season than 2004–2005,
and the calibrated parameters were unchanged. Table 8 shows that
the water content measurements at all depths were very well
reproduced on the control plot (EF ranged from 0.31 to 0.86, with a
mean of 0.58, NRMSE was under 11.5%, and the CRM values were
close to 0). On the PSP, the measurements were not as accurately
simulated by the model. However, the agreement was still very
acceptable on the basis of all the statistics, except for EF at two
depths (60 and 120 cm). On the other hand, for both plots,
measured water pressure heads (Fig. 1) were poorly reproduced,
withmost of the EF values being negative, especially in the ﬁrst soil
layers (Table 8). These poor values are due to the fact that the h(u)
curve was calibrated for high water contents encountered during
thewet season 2004–2005 (Fig. 2), while the soil was still dry at the
beginning of the 2003–2004 maize cycle. This may explain the
marked discrepancies between the measured and predicted
pressure heads. However, since one of the study objectives was
to determine water and nitrate ﬂows during the wet season, i.e.
when the soil was close to saturation, poor reproduction of
pressure heads by WAVE when the soil water contents were low
was not considered to be a major drawback.
Fig. 3 shows that the water balance components were well
predicted by WAVE for both treatments, with a slight drainage
overestimation of 9.7% and 4.4% for the control and pig slurry plots,
respectively (Table 7), and an AET underestimation of 11.5% for CP
and 3.4% for PSP. In agreement with the observations, no runoff
was predicted by the model.
3.3. Nitrogen
Time courses of mineral nitrogen (ammonium and nitrate)
quantities measured in the ﬁrst two soil layers (0–10 cm and 10–
30 cm) are presented in Fig. 5 for both treatments and seasons. The
resident nitrate concentration in the soil solution, measured at
zd = 135 cm as function of time, as well as the nitrogen budget
components are plotted in Fig. 6. Table 9 gives the cumulative
values of all terms of the nitrogen balance between pig slurry
application and harvest dates. Note that the ﬁrst measurements
were obtained before the pig slurry application and maize sowing
dates of each year. This explains the negative DAS values on the x-
axis in Figs. 5 and 6. Fig. 7 shows the soil mineral nitrogen
concentration proﬁles measured in both treatments at three dates
per cropping season (a few days before slurry spreading, about 30
days and 120 days afterwards).
On the control plot and for both years, the increase in N storage
measured in the 0–10 cm and 10–30 cm layers up to 50 kg N ha1
the ﬁrst 50 DAS (Fig. 5) corresponded to natural soil mineralization
since no fertilization was applied. This mineralization occurred
when the soil was humid and the temperature high, which are
favourable conditions for soil organic matter degradation. For
andic soils of Mexico with very similar annual temperature and
precipitation conditions, Salinas-Garcia et al. (2001, 2002)
reported potential nitrogen mineralization rates ranging from
2.4 to 11.5 kg N ha1 per day, i.e. even higher than the value
obtained here (about 1 kg N ha1 per day).
In the deeper layers of CP, the soil nitrogen contents remained
very low during the two maize cycles (Fig. 7). This was conﬁrmed
by the nitrate concentrations in the soil solution, which were close
to 0 at zd = 135 cm (Fig. 6). Consequently, insigniﬁcant nitrate
leaching under the root zone was observed (Table 9) during the
Fig. 5.Measured (symbols) and simulated (continuous or dotted lines) values of the amount of N-NO3 and N-NH4 stored in the [0–10 cm] (high) and [10–30 cm] (bottom) soil
layers of the control (CP) and pig slurry (PSP) treatments during the 2003–2004 (model evaluation) and 2004–2005 (model calibration) cropping seasons. Time course of
volumetric water content at 15 cm is also plotted. DAS is day after sowing.
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respectively), while drainage losses (Table 7) were estimated at
329 and 625 mm, respectively. In 2004–2005, the increase in soil
nitrate observed in the 50–100 cm layer between 8 and 114 DAS
(Fig. 7) was attributed to the nitrates produced by mineralization
of soil organic matter in the superﬁcial layers (Fig. 5) which were
leached to deep horizons by heavy rains (635 mm) between 50 and
90 DAS (Fig. 2).
On the PSP, the increase in soil nitrate which occurred at the
same time as on the CP (Fig. 5) was much more greater
(+150 kg N ha1) and corresponded to two processes: (i) nitriﬁca-
tion of the pig slurry ammonium and (ii) natural mineralization of
the organic matter contained in both the soil and the pig slurry.
According to Morvan (1999) and Morvan et al. (1997), nitriﬁcation
processes after a pig slurry application on soil can last 3 weeks,
whereas pig slurry organic matter mineralization ends after about10 days. These values are in agreement with our results. In 2003–
2004, a signiﬁcant amount of mineral nitrogen was displaced from
the surface to the 40–80 cm soil layer (Fig. 7). However, a very
small amount of leaching (6 kg N ha1) was observed at
zd = 135 cm at the end of the cropping season (Table 9), although
264 kg N ha1 was applied on that plot (Table 3) and 318 mm of
water were drained beyond the root zone (Table 7). This clearly
illustrated the retention of nitrate by the soil. Before the second pig
slurry spreading in the 2004–2005 cropping season, the nitrate
distribution with depth was comparable to that measured at the
end of the 2003–2004 maize cycle, where most nitrates were
located between 40 and 100 cm (Fig. 7). During the 2004–2005
cropping season, they migrated beyond the root zone due to heavy
rainfall. Between 60 and 120 DAS, the resident concentration in the
soil solution at zd = 135 cm increased from 8 to 50 mg N-NO3
 L1
(Fig. 6) while the drainage losses were 591 mm (Table 7). This led
Fig. 6.Measured (symbols) and simulated (continuous or dotted lines) cumulative nitrogen balance component values during the 2003–2004 (model evaluation) and 2004–
2005 (model calibration) cropping seasons for both treatments. Time course of the resident nitrate concentration is also plotted. DAS is day after sowing.
Table 9
Measured and simulated components of the nitrogen balance between pig slurry application and harvest dates for both CP and PSP.
Treatment D(NH4-N)
(kg N ha1)
D(NO3-N)
(kg N ha1)
DN (NH4 + NO3)
(kg N ha1)
Nappl (kg N ha
1) Nuptake
(kg N ha1)
Nleach
(kg N ha1)
Nnet min
(kg N ha1)
Evaluation (2003–2004)
Control plot Measured – 99 99 0 102 2 203a
Simulated 27 93 120 0 95 2 226 (9)
Pig slurry plot Measured – 224 224 194b 183 6 219a
Simulated 20 225 245 194b 180 2 246 (13)
Calibration (2004–2005)
Control plot Measured – 60 60 0 94 5 159a
Simulated 24 74 98 0 89 8 180 (+15)
Pig slurry plot Measured – 56 56 157c 168 109 176a
Simulated 31 80 111 157c 170 68 183 (+9)
Numbers in brackets are the budget errormodelling deﬁned as: e = DN = (Nharvest  Nin)  (Nappl + Nnet min) + Nupt + Nleach, whereNin is the soil nitrogen storage just before the
date of PSP application.
a Estimated from closure of the nitrogen budget by neglecting soil NH4
+ storage at harvest.
b About 74% of total nitrogen content in PSP.
c About 85% of total nitrogen content in PSP (to account for total mineral N only).
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which corresponded to about 60% of the total nitrogen of pig slurry
ammonium applied in 2004. Thus, the ﬁrst signiﬁcant nitrate
losses were observed more than 15 months after the ﬁrst slurry
spreading. During that period, 924 mm of water drained beyond
the root zone (Table 7) which was slightly higher than the soil
water storage of the 0–135 cm layer. Note that the onset of nitrate
ﬂux at zd = 135 cm was delayed by about 2.2-fold as compared to
that of the water ﬂux (Fig. 7). This is very consistent with theretardation factor values (ranging from 2.8 in the 0–10 cm soil
layer to 1.38 in the 100–200 cm layer) estimated from Kd
determinations. This means that the nitrate migrated in the soil
at a rate of about 45–50 mmper 100 mmof inﬁltratedwater. These
values are in agreement with those reported by Ogawa (1984) and
Shoji et al. (1986) for andic soils in Japan. For soils without anionic
retention thatwere also amended by pig slurry fertilization, nitrate
begins leaching beyond the root zone as soon as drainage occurs
(i.e. Daude´n and Quilez, 2004; Basso and Ritchie, 2005).
Fig. 7. Measured (symbols) and simulated (continuous or dotted lines) soil nitrate-nitrogen content proﬁles at selected dates of the control (CP) and pig slurry (PSP)
treatments during the 2003–2004 (model validation) and 2004–2005 (model calibration) cropping seasons. DAS is day after sowing.
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the pig slurry plot than on the control plot (Fig. 6), which largely
explained the higher measured dry matter yields (Table 3). It also
indicates that nitrogen was a limiting factor for maize growth in
the CP treatment.
3.3.1. Model calibration and sensitivity analysis
The model was calibrated by minimizing the differences
between simulated and observed time series of soil nitrate
concentration at different depths (0–10, 10–30, 30–60, 60–90,
90–120, 120–150, and 150–180 cm) for the 2004–2005 cropping
season. The best results were obtained by the set of parameters
given in the solute and nitrogen cycle section. Special attention
was paid to those which were not measured (Kd [NH4
+], Knit, Khum,
Kman), as well as for Kd [NO3
] and l [NO3
] which were obtained
through laboratory experiments.
For both treatments, the corresponding statistics (Table 8) for
EF and CRM (mean values of 0.47 and1%, respectively) were very
satisfactory, except at two depths of each plot (below 120 for CP, at
60–90 and 150–180 cm for PSP). The NRMSE values were high
because of the small number of observations (N = 9). The good
statistical indicator for the superﬁcial soil layer on the pig slurry
plot suggested that WAVE satisfactorily simulated the substantial
nitrate increase about 10 days after spreading (Fig. 5) as a result of
the proper calibration of the nitriﬁcation coefﬁcient (Knit). Thedecay constant for the manure pool (Kman) was found to be close to
the value given by Ducheyne et al. (2001) for a Belgium ﬂuvisol,
also amended by pig slurry applied to a maize crop. However, this
coefﬁcient was not very high in our case because the amount of pig
slurry organic matter was small both years (see Table 2).
For both treatments, Figs. 5 and 6 show that themain features of
the experimental values of theN–NO3
 andN–NH4
+ stored in the 0–
30 cm soil layer (Fig. 5) and throughout the entire proﬁle were
faithfully reproduced by the model (Fig. 6). There was quite good
agreement between the measured and simulated values of the
nitrogenbalance components: thebudgetmodellingerrordue to the
netmineralizationwas + 15 and +9 kg N ha1 for the control and pig
slurry plots, respectively (Table 9). Note that the nitrogen spatial
variability was not measured in the ﬁeld and it could partly explain
themarkedobservedvariations innitrate storage (Nettoetal., 1999).
Modelling of the different terms of nitrogen budget with a
denitriﬁcation rate Kdenit of 0.1 d
1 (according to Ducheyne et al.,
2001)was tested. The results, not shownhere, led to losses of about
20 kg N ha1 for a 4-month period, in close agreement with the
results of He´nault and Germon (1995) and Sa´nchez et al. (2000).
Therefore, the balance error due to ignoring the denitriﬁcation
process was considered to be rather low.
The time course of nitrogen crop uptake (Nupt) was also
correctly simulated (Table 4 and Fig. 6). However, after 100 DAS,
nitrate leaching of the pig slurry plot was underestimated by the
Fig. 8. Sensitivity of the simulated cumulative nitrate leached at 135 cm depth of
the control (a) and pig slurry (b) plots relative to changes (y-axis) in themodel input
parameters (x-axis): humiﬁcation coefﬁcient (fe), rates of humus mineralization
(Khum), manure degradation (Kman), nitriﬁcation (Knit), nitrate partition coefﬁcient
(Kd) and dispersivity length (l).
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the soil solution were in close agreement (Fig. 6). The difference
could be explained by the fact that the existence of an immobile
water compartment was not taken into account in the WAVE
options. This assumption is probably more relevant in the case of
the abundant precipitations encountered during the 2004–2005
cropping season.
As for water ﬂow, the model calibration was completed by
performing a sensitivity analysis for nitrate. This was conducted on
the 2004–2005 data without changing the calibrated parameters.
Fig. 8 presents the relative errors (y) of the cumulative nitrate
leaching at zd = 135 cmas function of the following input parameter
uncertainties (x): fe, fh, Khum, Kd [NO3
] and l [NO3
] for both
treatments, as well as Knit and Kman for the pig slurry plot. Kd [NO3
]
was by far the most sensitive parameter. For example, a 100%
increase in its value decreased the leaching by nearly 30%, thus
conﬁrming that an accurate estimate of Kd was required to obtain a
goodpredictionof thenitrate concentration in the studied andic soil.
The model was also sensitive to the humus decomposition rates
(Khum), at least in the CP. Increasing this parameter by one order of
magnitude led to an increase of about 25% in nitrate leaching. The
sensitivity of the dispersivity was quite low, except when small
amounts of nitrate were leached, as was the case in the control plot.
Leaching was slightly sensitive to Knit and almost insensitive to the
other parameters, namely fe, Kman, fh and Kd [NH4
+] (the last two are
not shown inFig. 8),within their orderofmagnitudevariation range.
3.3.2. Model evaluation
The model was evaluated on the basis of 2003–2004 season
data with the parameters calibrated on the 2004–2005 season.Note that the WAVE prediction capacity was evaluated with less
measured data than those which were available for its calibration.
Based on the statistical indicators (Table 8), the observed internal
state variable values would appear to be poorly predicted by the
model, with negative efﬁciencies at almost all depths and high
NRMSE values. However, the results should be considered in the
light of the mean CRM values (about 1% for CP, and 4% for PSP),
which were very close to those obtained from the calibration (1%
for both plots). Moreover, on the pig slurry plot, nitrate content
patterns in the 0–10 cm soil layer (Figs. 5 and 7) were satisfactorily
predicted (EF = 0.82), indicating that the nitriﬁcation coefﬁcient
was properly estimated. On the control plot, the deviation was
more marked in the ﬁrst meter of the soil proﬁle (NRMSE ranged
from 108 to 208% in the 0–90 cm layer and from 61 to 93% below).
This could be explained by the fact that the measured nitrate
contents were stable in the deeper layers, while they presented
high temporal variations in the more superﬁcial soil layers due to
an increase in mineralization–nitriﬁcation processes. Lastly, a
close agreement was observed between the measured and
predicted nitrogen balance component values for both treatments
(Table 9): the budget modelling error due to net mineralization
was – 9 and – 13 kg N ha1 for the control and pig slurry plots,
respectively. Moreover, WAVE was able to faithfully reproduce the
quasi absence of nitrate leaching under the root zone on both plots.
4. Conclusion
Field experimentswere carried out to assess the risk of drainage
and nitrate leaching below the root zone after pig slurry
application on an acid tropical andic soil. The experimental results
showed that the drainage risk was high when the rain intensity
was higher than 30 mm d1 and the soil humidity was close to
saturation. The high hydraulic conductivities measured in this
andic soil (282 mm h1) resulted in substantial drainage below the
root zone within one day. Although 720 mm of water was drained
during the ﬁrst rainy season, no nitrate leaching was observed in
CP nor in PSP. In the second rainy season, 100 kg of N ha1 (about
60% of pig slurry ammonium applied in 2004) was leached beyond
the root zone in PSP, whereas nitrate leaching was almost
negligible in CP. The 15 month delay observed between the ﬁrst
pig slurry application in 2003 and the nitrate onset in the drainage
water at 135 cm depth was explained by nitrate adsorption on the
soil particles and by the fact that the water stored in the 0–135 cm
soil layer was fully displaced only after the accumulation of
990 mm of rainfall. The nitrate front progression rate in this soil
was estimated at about 45–50 mm per 100 mm of inﬁltrated
water. This slow rate delayed nitrate leaching but could not
prevent eventual groundwater pollution.
TheWAVEmodel was able to correctly reproduce thewater and
nitrogen state variables (except the water pressure head, which
was poorly estimated in both plots for both years), the ﬂuxes across
the boundaries (actual evapotranspiration, runoff, drainage, crop
uptake and leaching) and the resulting budget terms.
The stepwise calibration–validation approach used was efﬁ-
cient for assessing the performance of the different model
components and ﬁnally WAVE was found to be robust enough
to work in tropical conditions and could therefore be used for
further studies involving long-term evaluation of the impact of
agricultural practices on the environment. Moreover, the sensi-
tivity analysis highlighted that parametersKc,Ks,h,Kd [NO3
],Khum
had to be accurately estimated to efﬁciently simulate the water
and nitrogen fate in the studied agrosystem.
This work also suggested some improvements for the model.
Accounting for denitriﬁcation and mineralization processes in
humid tropical conditions and for rich organic matter soil would
improve the nitrogen budget. Furthermore, a better representation
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water behaviour) would probably improve the water ﬂux and, in
turn, nitrate leaching predictions. In addition, theWAVE prediction
capacity could be increased by taking crop growth processes in
interaction with climate, fertilization and soil variables into
account.
In terms of practical recommendations for agricultural prac-
tices, it should bementioned that the rates of pig slurry application
in this experiment were substantially higher than those generally
applied by farmers in Re´union. Leaching values should therefore
not be considered as representative of the actual situation on the
island.
This study showed that the nitrate adsorption in an andic
soil can signiﬁcantly delay nitrate leaching. Consequently,
nitrates remained in the soil proﬁle for a longer time than
observed in other soils. We recommend agricultural practices
that allow for the removal of this nitrate pool. Crops having
permanently active and deep root systems such as forage grass
or sugarcane should therefore be preferred over shallow rooting
annual crops.
It would be important to conduct complementary experiments
to check that the rather low MFE of pig slurry is correct, since this
value is used to calculate optimal rates of pig slurry application by
farmers. This would require experiments comparing several rates
of application of slurry and a plot design allowing to evaluate the
standard error on the determination of MFE.
Finally, the results of this work can be used to enhance
mineralization and leaching simulation, and to design andmonitor
cropping systems, in order to manage slurry application and limit
leaching and subsequent pollution risks. For this purpose, the
experiment described in this paper will be pursued to gather
datasets on a long-term basis for assessing soil, water and solute
time patterns as well as taking the impact of climatic variations
into account.
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ABSTRACT
The possibilities of combining the dissolution of short-range-order minerals (SROMs) like allophane and imogolite, by ammonium
oxalate and a particle size distribution analysis performed by the pipette method were investigated by tests on a soil sample from
Reunion, a volcanic island located in the Indian Ocean, having a large SROMs content. The need to work with moist soil samples was
again emphasized because the microaggregates formed during air-drying are resistant to the reagent. The SROM content increased,
but irregularly, with the number of dissolutions by ammonium oxalate: 334 and 470 mg g−1 of SROMs were dissolved after one and
three dissolutions respectively. Six successive dissolutions with ammonium oxalate on the same soil sample showed that 89% of the
sum of oxides extracted by the 6 dissolutions were extracted by the first dissolution (mean 304 mg g−1). A compromise needs to be
found between the total removal of SROMs by large quantities of ammonium oxalate and the preservation of clay minerals, which
were unexpectedly dissolved by this reagent. These tests enabled a description of the clay assemblage of the soil (gibbsite, smectite,
and traces of kaolinite) in an area where such information was lacking due to the difficulties encountered in recuperation of the clay
fraction.
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INTRODUCTION
During the soil survey of the western slope of the
Piton des Neiges volcano on Reunion, a volcanic is-
land located in the Indian Ocean, we had to charac-
terize different types of soils developed on lavas, and
organized in catenas. From 2 000 m a.s.l. down to the
sea level, a typical catena on Reunion comprises Pod-
zols, Andosols, Umbrisols, Alisols, Phaeozems and se-
veral subgroups of Cambisols (IUSS Working Group
WRB, 2007; Feder and Findeling, 2007; Feder and
Bourgeon, 2009). A common characteristic of all these
soils, even when they do not key out as Andosols, is
that they contain considerable amounts of ammonium
oxalate extractable Fe and Al, indicating organically
bound Fe and Al, noncrystalline hydrous oxides of
Fe and Al, allophane, and/or amorphous aluminosili-
cates. These components will be designated hereafter
as short-range-order minerals (SROMs); and they of-
ten prevent soil dispersion before the particle size dis-
tribution analysis (PSDA).
In fact, since the definition of Andepts given in the
7th Approximation (Soil Survey Staff, 1960), PSDA
of these soils rich in allophane, volcanic ash or both
is known to be very difficult, even impossible, to carry
out. This is due to formation of aggregates by floccula-
tion occurring during the course of the analysis and ir-
reversible alteration of the physical properties of these
soils when they are dried. With the recent develop-
ments in soil classification systems, such as World Re-
ference Base for Soil Resources (WRB) (IUSS Working
Group WRB, 2007) and Soil Taxonomy (Soil Survey
Staff, 1999), PSDA is not required to identify and clas-
sify Andosols (Andisols). Notwithstanding, it is some-
times required for soils containing large amounts of
SROMs in at least three cases:
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i) When stratifications in the parent material need
to be studied (Buurman et al., 1997).
ii) When the clay fraction has to be collected for
mineralogical characterization. In the study area, clay
mineralogical investigations were scanty. Zebrowski
(1975) concluded from X-ray diffraction (XRD) pat-
terns and thermogravimetric curves obtained on the
powdered fine earth of several samples that phyllosi-
licates were absent above 900 m a.s.l. in the topose-
quence he analysed. He identified only amorphous ma-
terial in the whole soil profile and gibbsite at depth.
More recently, Basile-Doelsch et al. (2005) studied the
mineralogy of an Andic Podzol located at 1 720 m a.s.l.,
on the western slope of the Piton des Neiges, using
non-destructive spectroscopy methods (XRD, Fourier
transform infrared (FTIR) and nuclear magnetic reso-
nance (NMR) of Si and Al); and they did not identify
phyllosilicates but short-range-order proto-imogolite,
and allophane. In the study, gibbsite was also iden-
tified in amounts increasing with depth; and opal, at-
tributed to phytoliths, was present in the E horizon.
iii) If soils, which do not key out as Andosols des-
pite the presence of SROMs, have to be classified in
other groups. On Reunion, this is the case for soils lo-
cated just below the lower boundary of Andosols (i.e.,
about 900 m a.s.l.) which are still rich in SROMs but
have bulk density values above 0.9 g cm−3, the upper
limit for andic properties (Payet et al., 2009). They
are therefore particularly difficult to classify because
the identification of an argic horizon is not easy in the
absence of reliable PSDA results and relies solely on
the appreciation of field textures.
Fifty years after recognition of the difficulties en-
countered while performing PSDA on soils rich in
SROMs, there is no commonly accepted procedure and
the situation is even quite confusing. From a perusal
of recent literature in soil science, three positions can
be identified among scientists:
i) The problem is simply ignored, samples are air-
dried and the analytical procedure used for non-andic
soil material is applied for Andosol samples (Briggs et
al., 2006).
ii) The problem is known and, either the interpre-
tations are based solely on field textures, without the
backing of analytical results (Iamarino and Terribile,
2008), or the samples are air-dried before a conven-
tional analysis by the pipette method, the accuracy of
results is discussed (Delvaux et al., 1989; Fontes et al.,
2004) and the underestimation of the clay content is
sometimes assessed (e.g., Fehe´r et al., 2007).
iii) The drying of samples is avoided before analysis
and moist samples are pre-treated (sonication, dissolu-
tion with citrate-bicarbonate-dithionite or ammonium
oxalate, etc.) to prevent flocculation and ensure a bet-
ter dispersion during analysis by the pipette method
(Nieuwenhuyse et al., 2000) or using a laser diffraction
particle size analyzer (Buurman et al., 1997, 2004).
In France, in the event of incomplete dispersion, a
pretreatment with 2 mol L−1 HCl recommended to des-
troy the so-called organo-mineral cements is included
in PSDA procedure (NF X 31-107 method) (AFNOR,
2004) to ensure complete dispersion. In the soil labora-
tory of CIRAD (Centre de Coope´ration Internationale
en Recherche Agronomique pour le De´veloppement),
this HCl pretreatment has sometimes been applied to
Andosol samples when the sum of fractions obtained
after a routine PSDA was far from 1 000 mg for 1 g of
soil and the results were generally improved (i.e., the
sum of fractions was closer to 1 000 mg). We were neve-
rtheless aware that this procedure was not specifically
designed for the analysis of this type of soil material
and that, in addition to SROMs, clay minerals and iron
oxides can also be destroyed by the acid. In his detailed
study of a soil toposequence on Reunion, Zebrowski
(1975) also indicated that a pretreatment with 2% HCl
(approximately 0.66 mol L−1) is necessary to ensure
the dispersion of samples from soils located above 650
m a.s.l. To improve our PSDA method for SROM-
rich samples, it was decided to adapt the dissolution
procedure using ammonium oxalate (van Lagen, 1996;
Buurman et al., 1997, 2004) to the pipette method.
Dissolution quality was assessed using both the PSDA
results and those of the XRD analysis of clay fraction.
In parallel, and using the same criteria, the effects of
HCl pretreatment were evaluated. The aim of this pa-
per was to describe these different tests, the difficulties
encountered, and to propose a procedure for soil labo-
ratories having standard pipette equipment.
MATERIALS AND METHODS
Soil
After a general characterization of the main soils in
the study area involving routine analyses, we selected
the third horizon of an Andosol containing a large
amount of SROMs (referred to as R-JGR-F16 profile
in the CIRAD soil profiles database for Reunion), for
which mineralogical investigations were considered es-
sential due to the scarcity of information on clay mine-
rals. Furthermore, as this soil is one of the richest
in SROMs, if the tests proved successful, the method
could be applied to all samples with variable amounts
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of SROMs.
The R-JGR-F16 soil profile was excavated in 2006
on the western slope of the Piton des Neiges vol-
cano on Reunion during the regional soil survey al-
ready mentioned. It was located at 1 450 m a.s.l., 21◦
10′ 23′′ S and 55◦ 21′ 07′′ E in a large cartographic
unit of Andosols developed on thick explosive ash falls
(15 000–40 000 years BP) of trachytic-basaltic compo-
sition (Raunet, 1991) which have covered older lavas.
In that particular location, the mean annual rainfall
and the mean annual temperature are 1 800 mm and
16 ◦C, respectively. These conditions correspond to
an udic soil moisture regime and an isothermic soil
temperature regime. The soil exhibited strong andic
properties and keyed out as a Hydric Silandic Andosol
(IUSS Working Group WRB, 2007). Selected physical
and chemical characteristics of the soil samples ana-
lysed for the purpose of the survey are grouped in Ta-
bles I and II.
Sio and Alo (subscript o refer to oxalate selective
dissolution) contents increased by 20- and 10-fold, res-
pectively, from the first to the third horizon, whereas
the Alpy/Alo (subscript py refer to pyrophosphate se-
lective dissolution) ratio decreased from 0.89 to 0.14,
where Alpy was extracted with sodium pyrophosphate,
as described by Blakemore et al. (1987). The incorpora-
tion of Al into Al-humus complexes in the first and sec-
ond horizons might have resulted in an anti-allophanic
effect (Shoji et al., 1993). This is consistent with the
allophane content CAllo estimated according to the fol-
lowing formula proposed by Parfitt (1986):
CAllo = aSia (1)
where a takes different values from 5 to 16 depending
on the value of [(Alo − Alpy)/Sio], and formula pro-
posed by Mizota and van Reeuwijk (1989):
CAllo = 100Sio/{−5.1[(Alo −Alpy)/Sio] + 23.4} (2)
For safety reasons, the pit opened during the soil
survey was closed after the survey and a second pit was
opened up a few metres away, to avoid the disturbed
TABLE I
Selected characteristics of soils in the different horizons of the profile R-JGR-F16a)
Horizon Depth Munsell TOCb) pH P retd) Bulk CECf) SEBg)
colour densitye)
H2O KCl NaFc)
cm mg g−1 % g cm−3 cmolc kg−1
H1 0–20 5 YR 3/2 92.8 5.1 4.3 8.4 89.16 0.81 36.09 4.83
H2 20–35 7.5 YR 4/4 80.1 5.0 4.4 9.2 98.47 0.50 39.29 2.06
H3 35–65 10 YR 3/2 62.6 5.0 5.0 9.2 99.33 0.51 95.27 0.61
H4 65–80 5 YR 4/4 75.4 5.3 5.2 9.0 99.67 0.40 85.37 0.36
H5 80–100 10 YR 3/3 69.1 4.9 5.2 10.0 99.59 0.56 85.87 0.35
H6 100–115 7.5 YR 4/4 68.2 4.8 5.3 10.0 99.60 0.58 79.87 0.25
H7 115–140 10 YR 3/3 60.3 4.8 5.5 10.1 99.79 0.63 84.87 0.24
a)All the analyses, with the exception of bulk density measurements, were made on air-dried fine earth (< 2 mm); b)Total organic
carbon; c)Soil pH measured in 1 mol L−1 NaF according to USDA-NRCS (2004); d)Retention of phosphorus measured according to
Blakemore et al. (1987); e)Bulk density measured using 100 cm3 steel cylinders in three replicates; f)Cation exchange capacity; g)Sum
of exchangeable bases measured after extraction with 1 mol L−1 ammonium acetate at pH 7.
TABLE II
Soil Si, Fe and Al contents measured by selective extractionsa) and the allophane content estimated according to two formulas: (A)
proposed by Parfitt (1986) and (B) by Mizota and van Reeuwijk (1989) for the different horizons of the profile R-JGR-F16
Horizon Depth Sio Feo Alo Alo + 1/2Feo Fed Ald Fepy Alpy Alpy/Alo Allophane
A B
cm mg g−1
H1 0–20 1.2 42.3 6.5 27.6 62.1 6.8 45.0 5.8 0.89 6.1 6.0
H2 20–35 3.6 86.2 25.0 68.1 122.3 21.8 93.3 20.7 0.83 18.0 20.7
H3 35–65 23.3 15.6 71.6 79.4 73.7 43.2 4.3 10.2 0.14 233.0 233.9
H4 65–80 19.6 31.6 69.3 85.1 119.8 57.4 7.5 12.1 0.17 235.2 230.0
H5 80–100 19.9 28.4 67.6 81.8 108.5 54.1 4.8 10.5 0.16 239.6 226.3
H6 100–115 13.8 54.8 56.6 84.0 161.3 57.0 14.0 12.1 0.21 165.8 198.1
H7 115–140 22.7 17.4 72.1 80.8 90.1 57.4 2.9 9.9 0.14 226.5 240.9
a)Subscripts o, d and py refer to oxalate, dithionite, and pyrophosphate selective dissolutions, respectively.
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soil, for the purpose of the particle size analysis tests
presented here. A bulk sample (8 kg) was taken from
the third horizon (35–65 cm), then sent to the CIRAD
soil laboratory located in Montpellier, France, under
field moisture conditions (150% on a dry basis) in
sealed plastic bags. Once received in Montpellier, the
sample was kept moist and stored under cold condi-
tions (4 ◦C).
Sample preparation and sub-sampling
Approximately half of the field-moist soil material
received in the laboratory was gently passed through
the round holes (2 mm) of a sieve using a rubber stop-
per, the unsieved part of the sample remained stored
at 4 ◦C. Two stages of sub-sampling were necessary
before analyses.
For the first stage of sub-sampling, all the sieved
material was quickly spread over a plastic tray and
manually divided into 40 sub-equal areas; eight sub-
samples were prepared by mixing the soil of five dif-
ferent areas, randomly chosen and fully collected on
the tray. Seven of these subsamples were placed in
hermetically sealed plastic containers and kept in a re-
frigerator, and the last sub-sample was dried at room
temperature up to constant weight. The quality of this
stage of sub-sampling was assessed later by comparing
the results of PSDA obtained on soil taken from two
containers.
The different sub-samples needed for the different
PSDA tests in 6 replicates were obtained after a se-
cond stage of sub-sampling on a smaller quantity of
soil taken from a given container.
SROMs dissolution pretreatments
SROMs were dissolved using either 2 mol L−1 HCl
according to the Association francaise de Normalisa-
tion (AFNOR) recommendation (AFNOR, 2004), or
a buffered ammonium oxalate solution in the dark
(Blakemore et al., 1987; van Lagen, 1996). 2 mol L−1
HCl is recommended by AFNOR (2004) as a reagent
that can be used to dissolve organo-mineral cements
without excluding the use of other reagents, such as
oxalate solutions or oxalic acid, for particular types
of soil. This method was recently used in our labo-
ratory for some Andosol samples and it was interes-
ting to evaluate this method. Five grams of moist
soil (AFNOR procedure concerns air-dried soil) were
mixed with 300 mL of 2 mol L−1 HCl, then heated
at 70 ◦C for 1 h. After cooling, the supernatant was
collected in a 1 L flask for the analyses of dissolved
elements. The sample was then rinsed twice with 300
mL of deionized water, the supernatants were added
to the flask and the volume was adjusted to 1 L with
deionized water. Fe, Al and Si contents were mea-
sured in an aliquot of the extract by using Varian, Inc.
Vista-PRO inductively coupled plasma-optical emis-
sion spectrophotometry (ICP-OES; simultaneous with
axial torch); and calibration was done using certified
reference solutions of Fe, Al and Si.
For ammonium oxalate dissolutions, opinions dif-
fer regarding the soil:solution ratio, the pH and the
concentration of the reagent. For routine selective dis-
solutions, The United States Department of Agricul-
ture (USDA) recommends mixing 0.5 g of air-dried
soil with 15 mL of 0.2 mol L−1 ammonium oxalate
reagent buffered at pH 3.0 (USDA-NRCS, 2004). Fe,
Al and Si extracted with ammonium oxalate are iden-
tified with the subscript o (i.e., Feo, Alo, and Sio). In
the case of samples containing large quantities of Alo,
USDA recommends decreasing the soil:solution ratio to
1:100 and increasing the concentration of the reagent
to 0.275 mol L−1 with a pH buffered at 3.25. For the
Alo-rich samples, van Lagen (1996) also recommends
a soil:solution ratio of 1:100 but without any change
in the ammonium oxalate concentration and pH. In
all these recommendations, in the case of samples con-
taining large quantities of Alo, the general idea is to
increase the quantity of ammonium oxalate compared
to that used for routine measurements. For samples of
Andosols from Costa Rica containing large amounts of
allophane (up to 39%), Buurman et al. (1997) consi-
dered that two extractions using the soil:solution ratio
of 1:100, as recommended by van Lagen (1996), were
necessary to destroy microaggregates of fine silt size.
In our study, a compromise was made between
what is used for a routine selective dissolution and
the 1:100 ratio recommended by USDA and van La-
gen, with a soil:extractant ratio corresponding to 4 g
air-dried soil in 250 mL of ammonium oxalate solu-
tion. To obtain this ratio, 10 g of < 2 mm moist soil
(corresponding to approximately 4 g of air-dried soil),
weighed to the nearest mg were mixed once with 125
mL of 0.2 mol L−1 ammonium oxalate reagent buffered
at pH 3.0. The mixture was placed in a 175 mL cen-
trifuge tube, wrapped with aluminium paper to ensure
darkness, and shaken for 4 h on a rotary end-over-
end shaker (30 r min−1). After centrifugation, the su-
pernatant was collected in a 1 L volumetric flask la-
belled with the number of the replicate. These opera-
tions were repeated a second time to obtain the cho-
sen soil:extractant ratio, then the sample was rinsed
with distilled water; and after centrifugation, the su-
pernatant was added to the flask, and the volume ad-
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justed to 1 L with deionized water. Fe, Al and Si con-
tents were measured in an aliquot of the extract by
ICP-OES similarly to what was indicated above for
the HCl pretreatment.
As the soil:extractant ratio was less than 1:100, the
relevance of several successive dissolutions was eva-
luated in order to obtain the complete dissolution of
SROMs, and a kinetics curve was plotted.
The efficiency of the ammonium oxalate treatment
was also tested on air-dried samples to check the ir-
reversibility of physical modifications due to drying.
To summarize, the AFNOR method (dissolution of
cements using 2 mol L−1 HCl) was compared to a
new, and probably more specific method (dissolution
of SROMs using the ammonium oxalate reagent) for
which adjustments were investigated, including num-
ber of dissolutions, moist or dried sample.
PSDA procedure and complementary analysis
After the SROM dissolution pretreatments, PSDA
was performed with at least six replicates, using an
automated analyser (Texsol 24B instrument equipped
with 0.5 L cylinders) and following the standard pro-
cedure (NF X 31-107 method; AFNOR, 2004) applied
to all soils: samples were treated with 35% H2O2
at ambient temperature, then heated on a hot plate
at 70 ◦C, to remove organic matter, dispersed with
a sodium hexametaphosphate solution, and mechani-
cally shaken. The coarse and fine sand fractions were
obtained by wet sieving; the clay, the fine and coarse
silt fractions by pipetting in the cylinder. The sum of
all fractions, including soil moisture and organic car-
bon, was calculated. Only results corresponding to a
sum within the range 950–1 070 mg for 1 g of soil (i.e.,
95%–107%) were retained.
In addition to the PSDA tests, the moisture con-
tent of field-moist soil was measured in six replicates.
The organic matter content was measured by burning
at 850 ◦C in an elementary analyser (Thermoquest NC
analyser, EA 1112 model) in six replicates using air-
dried, sieved and crushed to < 200 µm soil.
After performing PSDA, clays were separated from
sand and silt through successive dispersion and gravity
sedimentation operations following the principles of
Stoke’s Law. Clays of the different replicates of each
treatment were collected together, flocculated with
MgCl2, then rinsed until free of chloride and dried
at room temperature for mineralogical studies using
X-ray diffraction and infrared spectroscopy. XRD pat-
terns of clay fractions were obtained on oriented prepa-
rations after different treatments and recorded on a
Panalytical Xpert Pro diffractometer (Cu Kα radia-
tion) on zero-background silicon wafers from 2.5◦ to
35◦ 2θ with steps of 0.017◦ 2θ and a counting time per
step of 200 s (converted from scanning mode) to ob-
tain a reliable signal. FTIR spectra of clay fractions
were recorded on KBr disks dried at 110 ◦C from 4 000
to 400 cm−1 using a Nicolet 510-FTIR continuously
purged with dry CO2-depleted air.
Statistical analysis
The Origin Pro 8 software package (Originlab Cor-
poration, Northampton, USA) was used for the basic
statistics. For each set of data obtained after disso-
lution procedures, mean, standard error (SE) and co-
efficient of variation (CV) have been calculated. The
CV, defined as the ratio of the standard deviation to
the mean and expressed in percentage, quantifies the
experimental repeatability.
RESULTS AND DISCUSSION
Effect of pretreatments on the mineralogy of samples
The X-ray diffraction patterns (data not shown)
obtained on the powdered fine earth of the third hori-
zon without any pretreatment indicated the presence
of quartz, magnetite (or titanomagnetite), ilmenite,
traces of amphibole (tremolite) and gibbsite. In the
same area, gibbsite had already been identified by
Zebrowski (1975) after HCl pretreatment but he did
not give any indication regarding the primary mine-
rals. Fourier transform infrared (FTIR) spectroscopy
was also performed on a raw sample; the pattern ob-
tained also confirmed the abundance of SROMs and
the presence of poorly crystallised kaolinitic mine-
rals (proto-kaolinite/proto-halloysite) and poorly crys-
tallised gibbsite (Fig. 1).
On the clay fraction, comparison between un-
treated and treated samples (Fig. 1) showed that
the different reagents eliminated the short-range-order
minerals (wide band at about 1 000 cm−1). The bands
at 3 690, 3 620, 3 527, 3 451 and 3 390 cm−1 revealed the
presence of kaolinitic minerals (kaolinite or halloysite)
and gibbsite with poor crystallinity. These minerals
are “relatively concentrated” in the treated samples
but they are however hardly detected by X-ray diffrac-
tion due to their poor crystallinity.
PSDA of a moist sample pretreated with 2 mol L−1
HCl
This pretreatment is recommended by AFNOR
(2004) without restriction regarding the types of soil
PARTICLE-SIZE ANALYSIS OF SROM-RICH SOILS 25
Fig. 1 Fourier transform infrared (FTIR) spectra obtained on
soil (untreated) and clay fractions collected after different treat-
ments. G = gibbsite; K = kaolinitic minerals; SROMs = short-
range-order minerals (i.e., allophane or imogolite).
involved. The fact that a field-moist sample was used
instead of a dry sample decreased the soil:reagent ratio
compared to what is recommended and possibly am-
plified the effect of HCl (Table III).
TABLE III
Particle size distribution analysis on field-moist samples pre-
treated with 2 mol L−1 HCl (n = 6)
Replicate Organo-mineral Clay Fine Coarse Fine Coarse
No. cementsa) silt silt sand sand
mg g−1 dry mineral matter
01 476 207 252 38 15 12
02 456 193 222 57 20 52
03 446 226 253 47 20 8
04 492 274 152 54 17 11
05 449 151 340 36 16 9
06 449 257 187 59 18 30
Mean 461 218 234 48 18 20
SEb) 19 45 65 10 2 18
CVc) (%) 4 20 28 21 11 90
a)Corresponding to the sum of dissolved Al, Fe and Si expressed
as oxides; b)Standard error; c)Coefficient of variation.
Two mol L−1 HCl dissolved approximately 461 mg
of organo-mineral cements per gram of mineral soil,
i.e., nearly half of the sample. After this pretreatment,
the clay content was 220 mg g−1. The X-ray diffrac-
tion patterns obtained on the clay-fraction of the soil
sample pretreated with 2 mol L−1 HCl (Fig. 2) showed
few clay minerals and, more importantly, that this pre-
treatment induced an alteration of the smectite de-
noted by a broadening of the peaks at 1.52 nm in the
air-dried state, and 1.70 nm following solvation with
ethylene glycol.
Fig. 2 X-ray diffraction patterns on oriented preparation of
clay fractions obtained after different treatments recorded in air-
dried state at room temperature (AD) and following solvation
with vapour ethylene glycol at 60 ◦C (EG). S = smectite (in
air dried state); S EG = smectite (following ethylene glycol sol-
vation); A = amphibole (tremolite); K = kaolinite; TM-M =
titanomagnetite and magnetite; Cb = cristobalite; Qz = quartz.
Kinetics of SROM dissolution by ammonium oxalate
on moist samples
The kinetics of SROM obtained from six successive
dissolutions with 0.2 mol L−1ammonium oxalate on the
same moist soil sample are illustrated in Fig. 3 where
the points represent means of the six replicates (ex-
pressed as the sum of Si, Al and Fe oxides). In detail,
these kinetics showed that 89% of the sum of oxides ex-
tracted by the 6 dissolutions were extracted by the first
dissolution (mean 304 mg g−1), 5.4% were extracted
during the second dissolution and approximately 1.5%
by each of the following; the kinetics reached steady
dynamics after the second dissolution. With the sam-
Fig. 3 Kinetics of SROM (short-range-order mineral) dissolu-
tion by 0.2 mol L−1 ammonium oxalate.
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ple used for the tests, SROM extraction appeared to be
complete after two or three dissolutions; three dissolu-
tions corresponded to 4 g of dry soil treated with 750
mL of 0.2 mol L−1 ammonium oxalate solution (i.e.,
a soil:solution ratio significantly lower than the 1:100
suggested by USDA-NRCS, 2004).
PSDA on a moist sample after one oxalate dissolution
In Table IV the results from PSDA on field-
moist samples after one ammonium oxalate dissolution
showed good repeatability, better than after HCl pre-
treatment.
TABLE IV
Particle size distribution analysis on field-moist samples after
one ammonium oxalate dissolution (n = 6)
Replicate Ammonium oxalate Clay Fine Coarse Fine Coarse
No. extracta) silt silt sand sand
mg g−1 dry mineral matter
01 335 274 279 59 28 24
02 330 258 277 83 28 25
03 338 257 321 39 28 17
04 323 272 252 88 28 37
05 337 263 286 59 30 24
06 342 245 267 82 27 36
Mean 334 262 280 68 28 27
SEb) 7 11 23 19 1 8
CVc) (%) 2 4 8 28 4 29
a)Corresponding to the sum of dissolved Al, Fe and Si expressed
as oxides; b)Standard error; c)Coefficient of variation.
There was nevertheless a noticeable difference bet-
ween the SROM content found here (mean 334 mg g−1)
and the allophane content estimated using the formula
of Parfitt (233 mg g−1, Table II). This difference can
be explained by at least two reasons that i) more am-
monium oxalate solution was used here, for the PSDA
tests, than during the routine characterization of the
profile, and the kinetics study illustrated the fact that
SROM dissolution depends on the quantity of reagent
used; and ii) the Parfitt formula is designed to estimate
only allophane and not all the products potentially dis-
solved by the ammonium oxalate solution.
Further information was provided by X-ray diffrac-
tion (XRD patterns labelled “one oxalate dissolution”,
Fig. 2). The different peaks were attributed to clay
minerals (smectite with a peak at 1.52 nm in air-dried
state, displaced to 1.70 after solvation with ethylene
glycol, and kaolinite), quartz, amphibole, traces of
gibbsite. The X-ray scattering domain between 20◦
and 32◦ 2θ was interpreted as being produced by the
remaining amorphous material mixed with clay (cf.
kinetics results). These results tallied with the FTIR
spectra showing the abundance of poorly crystallised
silicates (Fig. 1).
PSDA on a moist sample after three oxalate dissolu-
tions
For this test, PSDA after three oxalate dissolutions,
two sets of six sub-samples taken from two different
containers were used to evaluate the first stage of sub-
sampling carried out immediately after sieving. In Ta-
ble V, the mean values were very close for the two sets
and illustrated the good quality of the first stage of
sub-sampling.
A comparison of the PSDA results grouped in Ta-
bles IV and V and the kinetics study indicated that
the SROM content increased, but irregularly, with the
number of dissolutions by ammonium oxalate: 334 and
470 mg g−1 of SROMs were dissolved after one and
three dissolutions respectively, but “only” 331 mg g−1
at the end of the kinetics (i.e., after 6 dissolutions);
and that the clay content sharply decreased between
one and three dissolutions; which was not really ex-
pected but was probably the consequence of a partial
dissolution of clay minerals by the oxalate ammonium
reagent. At the same time, the fine silt content un-
expectedly increased (from 280 to 362 mg g−1) while
the coarse silt, fine sand, and coarse sand contents re-
mained the same.
Further information was again provided by the in-
terpretation of FTIR spectra and X-ray diffraction pat-
terns. Two clay samples were analysed: the first was
collected from the five replicates taken from container
3, and the second from the six replicates taken from
container 8. XRD and FTIR results were rather simi-
lar for both samples; those obtained from the clay sam-
ple of container 3 were selected for Figs. 1 and 2 and
labelled “three oxalate dissolutions”. The peaks cor-
responding to smectite appear less defined compared
to those observed after only one dissolution. The re-
peated extractions partially dissolved the clay fraction,
as shown by the PSDA results, and probably affected
the crystallinity of the remaining clay minerals. The
X-ray scattering domain between 20◦ and 32◦ 2θ, pre-
viously attributed to remaining SROMs, disappeared
as expected. FTIR spectra (Fig. 1) showed that am-
monium oxalate dissolved the SROMs and “concen-
trated” proto-kaolinite and proto-gibbsite, which are
identified by their specific bands in Fig. 1. However,
their absence on X-ray diffraction patterns (Fig. 2) was
furthermore related to their low amounts and low crys-
tallinity.
After these tests carried out on moist soil samples,
doubt existed on the need to perform several oxalate
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TABLE V
Particle size distribution analysis on field-moist samples after three ammonium oxalate dissolutions (n = 5 or 6)
Container Replicate Ammonium oxalate Clay Fine Coarse Fine Coarse
No. No. extracta) silt silt sand sand
mg g−1 dry mineral matter
3b) 01 481 28 372 59 31 28
02 465 53 368 56 32 26
03 458 64 354 67 29 29
04 489 61 347 49 27 27
05 431 62 405 48 31 23
Mean 465 54 369 56 30 27
8 01 476 53 362 53 29 26
02 451 56 371 56 39 27
03 486 75 324 55 32 29
04 476 61 366 48 33 27
05 479 53 358 50 33 27
06 482 42 353 60 33 30
Mean 475 55 356 54 33 28
General mean 470 54 362 55 32 27
SEc) 18 12 20 6 3 2
CVd) (%) 4 22 6 11 9 7
a)Corresponding to the sum of dissolved Al, Fe and Si expressed as oxides; b)The results for the replicate 06 of container 3 had to be
discarded because the total sum of components was too low (950 mg g−1) and the clay content was negative (−15 mg g−1); c)Standard
error; d)Coefficient of variation.
ammonium extractions in order to completely remove
SROMs before PSDA. Repeated extractions, even if
they are in limited number, can partly destroy clay
minerals. As regards the PSDA results, repeated ex-
tractions profoundly changed the estimates of the con-
tents for the three finer fractions (SROMs, clay and fine
silt) without changing the content of the three coarser
fractions (coarse silt, fine and coarse sand). The in-
crease in fine silt content while the contents of coarser
fractions remained the same did not correspond to the
general hypothesis of microaggregate destruction pro-
voked by the dissolving reagent but, on the contrary,
to a recombination (aggregation) of finer particles. Af-
ter three ammonium oxalate dissolutions, the PSDA
results indicated artefacts.
PSDA of an air-dried sample after three oxalate disso-
lutions
The PSDA results of an air-dried sample after
three oxalate dissolutions are grouped in Table VI and
showed that SROMs were incompletely and irregularly
dissolved (between 144 and 306 mg g−1); and conse-
quently, the results of the PSDA were very variable
between the 6 replicates for each particle size fraction.
The physical transformation of the soil material
induced by air-drying was therefore not retrograded
by the ammonium oxalate reagent, and part of the
SROMs became inaccessible to the reagent, despite the
duration of the treatment. The pretreatment with am-
TABLE VI
Particle size distribution analysis on air-dried samples pre-
treated with ammonium oxalate at pH 3.0 (n = 6)
Replicate Ammonium oxalate Clay Fine Coarse Fine Coarse
No. extracta) silt silt sand sand
mg g−1 dry mineral matter
01 144 3 182 83 138 450
02 292 64 273 114 50 207
03 301 67 213 177 54 189
04 306 81 198 164 50 201
05 296 37 229 159 59 220
06 300 1 360 56 59 224
Mean 273 42 243 126 68 248
SEb) 19 34 65 49 34 100
CVc) (%) 7 81 27 39 50 40
a)Corresponding to the sum of dissolved Al, Fe and Si expressed
as oxides; b)Standard error; c)Coefficient of variation.
monium oxalate therefore appeared not to be relevant
for air-dried samples.
CONCLUSIONS
To ensure correct sample dispersion before PSDA
by the pipette method, a single SROM extraction using
ammonium oxalate buffered at pH 3.0 appeared to be
a good compromise, as had already been established
for the laser method. The various tests presented here
furthermore illustrated i) that the reagent could have
partly dissolved clay minerals, such as smectite, and
ii) that the PSDA results ultimately depended on the
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number of ammonium oxalate dissolutions performed.
These points were not fully investigated during the pre-
treatment tests for PSDA using the laser method. A
procedure combining one ammonium oxalate dissolu-
tion and the standard pipette method for PSDA will
give consistent results for andic and non-andic soils
during a soil survey, avoiding discrepancies in the re-
sults due to the use of different PSDA methods. It
would also enable the use of standard pipette equip-
ment available in most soil laboratories. Furthermore,
collection and mineralogical studies of the clay frac-
tion would be made possible. In the case presented
here, smectite and kaolinite were identified at modera-
te depth in a Hydric Silandic Andosol located at 1 450
m on the western slope of the Piton des Neiges on
Reunion. This is an original and unexpected result
because previous studies in the same area, but on dif-
ferent soils, had concluded that phyllosilicate clay-size
minerals did not occur. If used in other geographical
areas where soils rich in SROMs occur, it is expected
that this procedure will help in studying their clay as-
semblage and produce substantial improvements in the
mineralogical knowledge of these soils.
From a practical viewpoint, the cost of this com-
bined procedure was evaluated at twice that of a stan-
dard particle size analysis; it cannot be qualified as
a “relatively cheap” method, unlike the laser diffrac-
tion grain-sizing method. For this reason its use will
probably be restricted to a limited number of samples,
mostly in the framework of pedogenetic studies.
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AndosolsMany soil maps were drawn up after World War II with different soil classiﬁcations that have signiﬁcantly
evolved since. Updating such old maps with a new version or a new classiﬁcation system is always complex:
(i) we do not always possess all the original information; (ii) the criteria for determining references are often
different, and (iii) on the most accurate scales, correlations come up against the complexity and speciﬁcities
of each classiﬁcation system. On Reunion, a volcanic tropical island in the Indian Ocean, we undertook a com-
prehensive overview of the old existing soil studies. This article describes (i) the procedure used to update
the soil maps and the toposequence acquired with the old French Commission de Pédologie et de Cartographie
des Sols (CPCS) classiﬁcation system, without any new information, using the World Reference Base for soil
resources (WRB); (ii) the construction of a new soil map drawn up with completely new information, and
(iii) a comparison of these two approaches. At elevations below 350 m asl (above sea level), without any
new pedological information, we updated Brown ferruginous soils, Reddish-brown ferrallitic soils, and
Fersialitic soils into Haplic Nitisols (Humic, Eutric). The acquisition of new data showed that this update
was incorrect because not all the diagnostic criteria of the Nitic horizons were met. The correct diagnostic ho-
rizons were a Mollic horizon when the thickness was 25 cm or more, or a Cambic horizon. Leptic Phaeozems
and Leptic Cambisols were then the correct Reference Soil Group (RSG). At elevations from 350 to 900 m asl,
without any new information, Brown and Reddish-brown ferrallitic soils, Andic ferrallitic soils, and Brown
and Andic brown soils were updated into Haplic Nitisols (Humic, Dystric) and Andic Umbrisols (Humic).
The acquisition of new data showed that this update was incorrect because Andic properties and the diagnos-
tic criteria of the Nitic horizons were not met. Over 900 m asl, Pozols were correctly updated, as were the
Andosols except from 900 to 1050 m asl where not all the Andic properties were met. Without any new
information, incorrect updates were observed for both the determination of RSG and the qualiﬁers. Despite
the ﬁeld descriptions, the lack of any analytical determinations on the old soil studies was a source of
updating errors for the more developed soils formerly qualiﬁed as ferrallitic. In order to update limits for
Andic properties and Andosols, the systematic use of analytical determinations has to be considered for
updating old soil maps, as the diagnostic criteria are more restrictive than in the past.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Many soil surveys were undertaken afterWorldWar II in tropical and
developing countries to assess land productivity and sustainability on dif-
ferent scales (D'Hoore, 1964; Eswaran et al., 1997). In sub-Saharan Africa
for example, such maps were mostly established using one of the three
major soil classiﬁcations at that time. The French classiﬁcation, called
the CPCS (Commission de Pédologie et de Cartographie des sols; CPCS,
1967), was used for historical reasons in the 1970s in Burkina Faso,
Benin, Togo, Senegal, and also in Ivory Coast and Chad. TheAmerican clas-
siﬁcation, Soil Taxonomy, published by the Soil Survey Staff (USDA-SCS,
1975) was used in Cameroon and in Mali. The Legend of the Soil Map ofrights reserved.the World published by FAO and UNESCO (FAO, 1974) was used in
Nigeria, Ghana, and Liberia. These three classiﬁcation systems were
then improved through both technical developments and changes
in soil science concepts (Bockheima et al., 2005; Kellogg, 1974;
Mermut and Eswaran, 2001). The CPCS was signiﬁcantly overhauled
to obtain the Référentiel Pédologique (Baize and Girard, 1995) with
two major innovations: (i) the new system was not a hierarchical
classiﬁcation like the CPCS, but a typological classiﬁcation; (ii) the
object of the study was the catena which can be subdivided into ho-
rizons according to vertical or lateral sequences (Baize, 1993). A new
version was recently published (Baize and Girard, 2009). The Legend
of the Soil Map of the World (FAO, 1974) evolved into a real classiﬁ-
cation system (FAO, 1998) and many improvements were added at
later dates (IUSS Working Group WRB, 2007) while a new edition
of the Soil Taxonomy was also published (Soil Survey Staff, 1998).
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depending on the situations. The old soil science classiﬁcations were
based on concepts that are no longer considered relevant (Mermut
and Eswaran, 2001). Current consideration of our ecosystems has
greatly evolved and soils in particular are recognized as playing a
major role in many environmental services. However, we do not al-
ways have the necessary information (descriptions, analyses, etc.)
for assessing such services and quantifying their role.
Re-interpreting old maps or updating them with a new version or
another classiﬁcation system can be tricky and often complex, for
three main reasons. Firstly, it is sometimes difﬁcult to gain access to all
the data and additional information needed to re-interpret them, espe-
cially for the oldest studies (georeferencing, methods used, accuracy,
etc.). Secondly, the criteria for determining references are not necessarily
the same, or their threshold values have changed (pH, base saturation
rate, soil horizon colors, etc.). Thirdly, often depending on the scale
used to draw up the map, the updating problems differ. Indeed, on
scales of between 1:1,000,000 and 1:250,000, correlations exist be-
tween several major soil groups in the different soil classiﬁcations
because there are similarities, notably for analytical and descriptive
characteristics. However, on larger more precise scales (1:100,000
or even 1:25,000), establishing correlations comes up against the
complexity of the highly localized case studies, and against the sub-
tleties and speciﬁcities of each classiﬁcation system.
In Reunion, a volcanic tropical island in the Indian Ocean (Fig. 1),
we undertook a comprehensive overview of existing soil studies in
order to assess the role played by soils in retaining and transferring
nitrates to the aquifers (Feder and Findeling, 2007; Payet et al.,
2009). In fact, many properties (anion exchange capacity, variable
charge with pH, hydraulic conductivity, etc.) inﬂuence pollutant
transfers through tropical soils (Legros et al., 2013). These properties,
which are highly dependent on the soil type, can be obtained or de-
duced from recent soil maps and are not always present on the old
maps. Our analysis of the different sources of pedological information
for the western zone of Reunion showed that the soil data were insuf-
ﬁcient to update the existing old maps (Feder and Bourgeon, 2009).
This article presents: (i) a summary attempt to update the existing
pedological information, a priori, without any new information; (ii) the
results of new soil mapping; and (iii) a comparative analysis of the previ-
ous two results to show the possibilities and limitations of updating soil
maps with or without new pedological information.Fig. 1. Location of the island of Reunion (on left) and of the study zone (in dark gray) on the
toposequence in the study zone, between the bay of Saint-Paul and the crest of the Cirque2. Materials and methods
2.1. Description of the island of Reunion and the study sector
The tropical island of Reunion (2512 km2; an estimated popula-
tion of 821,136 in 2010 according to the French statistics institute,
INSEE) is located in the Indian Ocean 800 km east of Madagascar
(Fig. 1). Reunion is composed of two volcanoes, the Piton des Neiges
(3069 m asl (above sea level)) to the northwest, which has been dor-
mant for 12,000 years, and the Piton de la Fournaise (2631 m asl) to
the southeast, a recent volcano that is still active (Bussière, 1958).
The existence of these two volcanoes explains the extreme geographical
variability of the climate. Annual rainfall increases from 600 mmon the
west coast to 8000 mm on the east coast. Temperatures are correlated
with altitude and range from an average of 24 °C at sea level to 10 °C
at the highest points.
The region on the western slope of the Piton des Neiges, which re-
ceives little rainfall in its lower section as it is “leeward” has seen con-
siderable agricultural expansion linked to the development of
irrigation over the last ten years or so. Our study sector covered
428 km2 of that region, amounting to 17% of the total land area of the
island (center: 21° 00′ S–55° 20′ E; Fig. 1) with a coastline bordered
by a coral reef. This sector exhibits a strong climatic gradient in line
with altitude, with the average temperature falling 0.7 °C every 100 m
in elevation. The coastal climate, with average temperatures of 24 °C
and 800 mm year−1, contrasts quite strongly with that of the highest
point in the region (2203 m asl), at 10 °C and 1700 mm year−1.
On the western slope of the Piton des Neiges, volcanic rocks were
initially dated by Bussière (1957, 1958) at between 5 and 2 Ma BP
(Before Present) and he did not report any ash overlay. McDougall
(1971) reduced that age, indicating an age of between 250,000 and
210,000 years BP for the same rock formations. In the western zone
of the island, the most recent data from Gillot and Nativel (1982)
led to a distinction between:
(i) the olivine basalts (series of oceanites over 340,000 years BP),
(ii) the so-called “pintade” basalts due to the white plagioclase
crystals that contrast with the gray paste (hawaiites dating
back to around 340,000 to 250,000 years BP), and
(iii) the sodic basalts (mugearites dated between 250,000 and
70,000 years BP).western slope of the Piton des Neiges ancient volcanic landmass. The Zebrowski (1975)
de Mafate is shown by a continuous white line.
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soil map
The new soil survey in the 428 km2 study area involved digging 78
pits, taking one or more soil samples (depending on the depth, to
1.25 m maximum) with an auger at 175 places (Fig. 2) and almost
200 further localized observations (not presented in Fig. 2). Each of
the 78 reference pits underwent a full pedological description and
sampling. The accuracy and reliability of the description and analyti-
cal results enabled the full characterization of all soil horizons to a
depth of 125 cm (FAO, 2006; Schoeneberger et al., 2002). Complete
soil analyses were carried out for each horizon in the pits and the re-
sults are presented in the following “Laboratory soil analyses” section.
The 175 augerings were carried out to increase the density of sam-
pling points, in order to deﬁne certain limits between units. The loca-
tion of the 175 augerings, and the analyses carried out on them, were
chosen as the compilation of the soil map progressed. We carried out
a pedological description or partial analyses (color, texture, ex-
changeable base contents, etc.) on the 200 additional observations
(roadside pits, etc.).
2.3. Spatial resolution and cartographic representation
The new map was drafted for publication on a scale of 1:100,000.
Soil maps call for a number of observations that are proportional toFig. 2. Location of the soil proﬁles (triangles) anthe desired ﬁnal representation scale. For instance, for a map published
at a scale of 1:100,000, several authors (FAO, 1990; Legros, 1996) rec-
ommend from 0.5 to 4 observations per km2. This observation density
primarily depends on the prior knowledge of the terrain and its com-
plexity. In our case, we carried out around 450 observations for
428 km2 (pits, augerings, and additional observations) and we used
additional sources of information (geological map, aerial photographs,
and old soil maps). The observation point density was therefore high
and the accuracy of our map on a scale of 1:100,000 was in line with
recommendations (FAO, 1990; Legros, 1996).
The new map is primarily based on pedological and geomorpho-
logical elements. Tracing of the outlines of the cartographic units
followed the geomorphological outlines identiﬁed by aerial photogra-
phy based on the work by Raunet (1991a). We also used recent
DTM data (Digital Terrain Model) and geological maps. These carto-
graphic units were drawn to correspond to a pedolandscape, thereby
jointly including pedological and geomorphological elements. By con-
struction, a pedolandscape unit can group several soil typological
units. Correlatively, it is theoretically possible for a soil typological
unit to be found in several pedolandscape units. However, that will
remain exceptional, especially in the presence of the climatic and
topographical gradients that are so strongly expressed in Reunion.
A pedolandscape unit might be essentially composed of just a single
soil typological unit. In addition, the contour lines were traced every
200 m.d augerings (circles) on island of Reunion.
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The modern and international classiﬁcation system of the World
Reference Base (WRB) was the natural choice when drawing up the
new map (IUSS Working Group WRB, 2007). WRB proved to be well
suited to our objectives and we considered that it guaranteed the re-
producibility and a degree of longevity for our interpretations. We
followed strict principles (georeferenced sampling, quality approach
for conditioning, storage, follow-up of samples, and their analyses,
etc.) and up-to-date international standards for the description of
soils (FAO, 2006).2.5. Laboratory soil analyses
For each horizon, a soil sample was taken for analysis and the bulk
density was measured. Bulk density was measured with cylinders of
known volume (NF X31–501, AFNOR 1999), weighed wet then
dried in an oven at 105 °C to measure their moisture content at the
time of sampling. The mean of three replicates was used for each ho-
rizon. The soil sample for laboratory analyses was air-dried, crushed,
and sieved with a 2 mm round-holed sieve (NF ISO 11464 X31–412,
AFNOR 1999).
The ﬁrst set of analyses was carried out at the CIRAD laboratory in
Saint-Denis de la Réunion (ISO 9001 certiﬁed): pHwater, pHKCl, electri-
cal conductivity (NF ISO 10390 X31-117, AFNOR 1999), pHNaF
(4C1a1a1a-b1 protocol, Soil Survey Staff, 2004).
The second set of analyseswas carried out by the CIRAD soil analysis
laboratory inMontpellier (ISO 9001 certiﬁed). Organic carbon rates and
total nitrogen levels were measured on an elemental analyzer
(Thermoquest NC2001 Soil). The cation exchange capacity (CEC) and
exchangeable base contents were measured using 1 M ammonium
acetate buffered at pH 7. Exchange acidity was measured after ex-
traction with KCl 1 M. The phosphate retention percentage wasmea-
sured by the Blakemore method (4D8a1a-b1 protocol, Soil Survey
Staff, 2004). The quantities of iron, aluminum, and silicon extracted
by selective dilutions in ammonium oxalate at pH 3 were quantiﬁed
by ICP-OES (Varian Vista equippedwith a CCD detector) and recorded as
Fe(o), Al(o), and Si(o), respectively. The “oxalfe” index (Van Wambeke,
1991) corresponds, as a percentage, to the quantity of Al(o) + 1/2
Fe(o). These values can also be used to calculate the quantity of allo-
phane (Allo) present in the different horizons using several formulas;
one of the simplest, Allo = 7.14 Si(o), was proposed by Parﬁtt and
Wilson (1985). The quantities of iron, aluminum, and silicon extracted
by selective dissolutions with CBD (citrate–bicarbonate–dithionite)
were also quantiﬁed by ICP-OES (Varian Vista equipped with a CCD
detector) and recorded as Fe(d), Al(d), and Si(d), respectively. The
optical density of the oxalate extract was measured (4G2a2a1 proto-
col, Soil Survey Staff, 2004) to be used as an indicator of the podzoli-
zation process. Particle size analysis in ﬁve fractions was carried out
by the pipette method after the destruction of organic matter by
oxygenated water and dispersal by sodium hexametaphosphate
(NF X 31–107 method, AFNOR, 2004). Dispersal was sometimes im-
proved by ultrasound treatment (Vibracell 75041 instrument,
AGTT-00366 at 750 W, equipped with a 13 mm probe and used at
75% of its power). The existence of poorly crystallized mineral
phases (allophane, imogolite) in a large proportion of the soils hin-
dered the particle size analyses. This problem limited the study,
hindering the identiﬁcation of clay accumulation horizons (hori-
zons called Argic in the WRB) and groups of soils that are condi-
tioned by the existence of those horizons. This recurring problem
for Andosols and more generally for soils with Andic properties
(Alary et al., 2013) also hindered attribution of the textural sufﬁx
qualiﬁers Clayic or Siltic, which could only be done on the basis of
tactile impressions in the ﬁeld, without cross-checking with the
particle size analysis results.3. Results and discussion
3.1. Updating existing pedological information without any new data
The soils in the western part of the island of Reunion have been
studied on various scales by three different authors since 1960. The
zone on the western slope of the Piton des Neiges was ﬁrst studied
by Riquier (1960a, 1960b:map and booklet). Zebrowski (1975) studied
a toposequence between Saint-Paul and the crest of the Cirque deMafate
(indicated by a continuous white line in Fig. 1). Raunet (1988) pro-
duced a morphopedological map on a scale of 1:50,000 and some
morphopedological maps of the west coast on a scale of 1:10,000
(1989, and partially 1991a). These three authors agreed in recognizing
that the soils are distributed in an altitudinal sequence of major ge-
netic types. From one author to the next, there are some large varia-
tions in the way they assess the distribution of soils in the western
zone of the island and the terminology they use to describe them. For
each of the three main domains (separated by altitude), we ﬁrst sum-
marized the available information before updating it without any new
data.3.1.1. Domain of Ferrallitic soils (0–350 to 400 m asl)
The most pedologically developed soils, i.e. all the soils for Riquier
(1960b) and only those located near the bottom of the sequence for
Zebrowski (1975) and Raunet (1988), are Ferrallitic soils as deﬁned in
the 1960s in the old French CPCS classiﬁcation (Aubert and Ségalen,
1966; CPCS, 1967). These Ferrallitic soils were deﬁned by extensive
or even complete alteration of primary minerals and the formation of
secondary minerals such as kaolinite, aluminum hydroxides, and iron
oxy-hydroxides. These neoformations were veriﬁed by mineralogical
techniques and assessed by calculating the Ki ratio (silica/aluminum)
from the results of a triacid analysis (sulfuric, nitric, and hydrochloric
acids).
The extent andmeaning of the Ferrallitic soils differed depending on
the author, though they used the same classiﬁcation system. Riquier
(1960b) qualiﬁed all soils with Ki values remaining well below 2 as
Ferrallitic and an increasing degree of ferrallitization in line with the
height above sea level, without any mineralogical analyses. Thus,
Brown ferruginous soils were identiﬁed at low elevations from 0 to
200 m while Reddish-brown Ferrallitic soils were identiﬁed at eleva-
tions from 200 to 400 m. This genesis of thick, highly weathered
Ferrallitic soils was compatible with the rock dating reported by
Bussières (1957, 1958). For Zebrowski (1975), in the lower part of his
sequence (at 350 m), a Ferrallitic soil always had a low Ki,
0.8 ≤ Ki ≤ 2.0 and no reaction to the pHNaF test. Interpretation of the
Ki ratio values obtained from triacid analysis was well adapted to char-
acterize secondary minerals in soils developed on gneissic rocks but
failed when applied to soils derived from other types of rocks because
primary minerals were partly dissolved (Claisse, 1968; Pédro, 1966).
This probably occurred for Reunion soils and led Riquier (1960b) and
Zebrowski (1975) to Ki interpretations that can be considered as erro-
neous today. Raunet (1988, 1989) reduced the extent of the Ferrallitic
soils because (i) he did not use Ki ratio values, and (ii) the last dating
of the rocks was incompatible with ferrallitization over a substantial
thickness. He only represented Ferrallitic soils to the north and south
of our study zone, on the most ancient rock outcrops of Reunion volca-
nism (olivine basalts of the oceanite series more than 340,000 years
BP). For Raunet (1989, 1991a), Brown ferruginous soils and Fersiallitic
soils were differentiated at mid-altitude (b350 m) depending on
whether they were located on ﬂows corresponding to hawaiites
(dated around 340,000 to 250,000 years BP) or ﬂows corresponding
to mugearites (dated around 250,000 to 70,000 years BP). The maps
by Raunet (1988, 1989, 1991a) provided some newmorphopedological
information. He also recognized soils with some Vertic properties locat-
ed in some concave colluvial zones at the bottom of the slope.
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strictly identify an RSG in this altitude range. Pedological descriptions by
Riquier (1960b), Zebrowski (1975), and Raunet (1988, 1989, 1991a)
clearly show no Argic, Ferralic, Plinthic or Petroplinthic horizons, thus ex-
cluding the following typical tropical soils: Alisols, Acrisols, Luvisols,
Lixisols, Plinthosols, and Ferralsols. The particle size analysis and CEC
values were compatible with Nitic horizons. However, it is not possible
to identifyNitic horizons in the absence ofmeasured quantities of active
iron extractable by acid oxalate (pH 3), free iron extractable by citrate–
bicarbonate–dithionite, and water-dispersible clay to the total clay
ratio. Moreover, the observations and analyses did not contradict
the diagnostic criteria of Cambic, Mollic, or Umbric horizons, with
less clear properties than the Nitic horizon. Lastly, the age of the
geological materials and the local conditions of hydrolytic alter-
ation steered our updating of the different Ferrallitic soils of
Riquier (1960b), Zebrowski (1975), and Raunet (1988, 1991b), to-
wards Haplic Nitisols with Nitic diagnostic horizons. In addition,
with the available information, we deﬁned two qualiﬁer sufﬁxes:
Humic and Eutric. Soils with Vertic properties were only observed
by Raunet (1989, 1991a). With his descriptions, we assigned these
soils unequivocally to the Haplic Vertisols with two qualiﬁers:
Humic and Hypereutric. Nevertheless, their small areas may restrict
their cartographic representation at scales of between 1:100,000
and 1:1,000,000.
The current concept of ferrallitization, inherited from the lateritization
concept (VanWambeke, 1991), has disappeared frommodern classiﬁca-
tion systems, at the same time as the triacid analysis (used to calculate Ki
ratio) has disappeared from the laboratory. For Aubert (1966), the classi-
ﬁcation was too largely based: (i) on the mineralogical traits of the
mid- or deep horizons, and (ii) on some original material of the soil,
often acquired a very distant time ago. The exchange capacity or degree
of saturation of the absorbing complex was too rarely used, if at all.
3.1.2. Intermediate domain of Brown and Andic soils (from 350 to
400–900 m asl)
In this domain, all the authors acknowledged a major but gradual
change in soil properties and at lesser degrees of alteration when com-
pared to the lower altitudes. From 400 to 700 m asl, Riquier (1960a) dis-
tinguished Reddish-brown ferrallitic soils and, up to 900 m asl, Brown
ferrallitic soils that were less weathered, thicker, less acid, and richer in
organic matter. From 350 to 650 m asl, Zebrowski (1975) identiﬁed
Ferrallitic soils (0.8 ≤ Ki ≤ 2.0) with no reaction to the pHNaF test and
with a clay texture. From 650 to 900 m asl, he identiﬁed Andic ferrallitic
soils with a very weak reaction to the pHNaF test and a loamy texture.
Zebrowski (1975) indicated the existence of gibbsite from 650 m to
900 masl, andphylliticminerals composedofhalloysite andmetahalloysite
below an elevation of 650 m asl. From 350 to 700 m asl, Raunet (1988)
identiﬁed Brown soils and, from 450 to 700 m asl, Andic brown soil. He
found mostly Andosols from 700 m upwards but he brought down locally
the lower elevation limit for these Andosols to 550 m asl.
The difﬁculty in reinterpreting data at elevations from 350 to 900 m
asl mainly lies in deﬁning the Andic properties of the soils used by each
author. Indeed, Riquier (1960b) found Brown ferrallitic soils between
Reddish-brown ferrallitic soils (400 to 700 m asl) and Beige ferrallitic
soils (beyond 900 m asl), but he did not have any methods at the time
to identify the existence of poorly crystallized substances that are typical
of Andic soils. Zebrowski (1975) and Raunet (1991b) used the pHNaF
test but with a different interpretation. Zebrowski (1975) considered
the development of the red color in 20 s as being characteristic of an
Andosol and the occurrence of a pink color after 2 min as indicating
Andic properties. Raunet (1991b) considered that soils rich in amor-
phous substances displayed a large increase in pH after 2 min as deﬁned
by Fieldes and Perrott (1966). In addition, only Raunet (1991b) used the
high phosphate retention percentage as an Andic criterion and he also
used extractions with acid oxalate to quantify the poorly crystallized
substances of Andic soils. However, for these two parameters, he didnot apply precise thresholds and extended the limit of the soils with
Andic properties towards lower elevations (down to 450 m).
Updating this information on Andic properties cannot be strict be-
cause not all the diagnostic criteriaweremeasured by these authors (alu-
minum and iron extractible by acid oxalate, bulk density, and phosphate
retention percentage). The ﬁeld descriptions and partial analyses of the
three authors lead us to set a lower limit to Andic properties around
500 m asl. As for the lower elevations, the diagnostic horizon is neither
Argic, Ferralic, Plinthic, nor Petroplinthic. From 350 to 500 m asl, the
CEC and particle size analyses are strong criteria for assigning these
soils to the Nitisols: 50 to 60% clay for Riquier, 58 to 73% for Zebrowski,
and 50 to 52% for Raunet. From 500 and 900 m asl, the determination
of the diagnostic horizon is different because of this same particle size
criterion. All the authors identiﬁed a loamy texture in situ. The particle
size analyses undertaken showed clay contents of 15 to 35% (Riquier),
11 to 11.2% (Zebrowski), and 22 to 35% (Raunet). Despite high heteroge-
neity, these particle size data no longer make it possible to diagnose a
Nitic horizon. Moreover, the soil structure, strong but not massive, the
Munsell colors, with a chroma of 3 or less, an organic carbon content al-
ways higher than 20 g kg−1, and a base saturation of less than 50% sug-
gest to us an Umbric diagnostic horizon. In addition, Andic properties
were always present and the Andic qualiﬁer could be added.
3.1.3. Domain of Andosols and Podzols (above 900 m asl)
Andosols (or Beige ferrallitic soils for Riquier (1960b)) and some
mascareignite-bearing soils or somePodzols have always been recognized
above 900 masl. The soils called Beige ferrallitic soils by Riquier (1960a,b)
were subsequently qualiﬁed as Andosols and he already recognized some
phytolith-bearing soils. In 1960, the parent rock was assumed to be uni-
formly ancient and knowledge of soils formed over volcanic ash was still
very much in its infancy. Andepts were recognized as a sub-order of little
developed soils created for soils comprising at least 60% allophanes, while
pointing out that “measures of allophane percentages are very rough”
(USDA, 1960). Zebrowski (1975) recognized Andosols, notably through
the pHNaF test but he did not propose any intermediate soil between
Ferrallitic soils and Andosols. Starting from an elevation of 900 m,
Andosols were characterized by a strong reaction to the pHNaF test, but
displaying a very low Ki ratio (well below 1) and these soils were found
up to 1500 m, an altitude at which he identiﬁed Podzols. Zebrowski
(1975) thus identiﬁed the zone where podzolization was taking place,
by revealing a major redistribution of fulvic acids. Raunet (1988, 1991b)
observed, from 700 to 1200 m asl, some Chromic, non-perhydrated
desaturated Andosols, some perhydrated desaturated Andosols (from
1200 to 1800 m), and some Vitric Andosols (above 1800 m). Raunet
(1991b) did not indicate Podzols from 1600 to 1800 m above sea level,
but a sub-category of desaturated mascareignite-bearing Andosols
(phytoliths). He thus opted for the establishment of amaterial comprising
phytoliths rather than the mechanism of organic matter distribution
within the proﬁle. At elevations over 900 m asl, the pedological informa-
tion of the three authors converged towards unambiguous updating.
Andic diagnostic properties were not deﬁned with the same criteria
aswewould use today. However, all the descriptions and analyses carried
out by the three authors converged to update the Beige ferrallitic soils of
Riquier (1960a,b) and Andosols of Zebrowski (1975) and Raunet (1991b)
as Andosols. The Vitric, Hydric, and Dystric qualiﬁers can be added at
different altitudes with Raunet's information. The mascareignite-bearing
soils of Riquier (1960a,b) and Raunet (1991b) and Podzols of Zebrowski
(1975) can be updated as Podzols because all the diagnostic criteria of a
Spodic horizon are met. The qualiﬁer Andic can be added to be coherent
with the recognition of Andic properties.
3.2. New cartography of the western part of Reunion
3.2.1. Analytical characteristics of the main soil types encountered
The observations and analyses of the 78 reference pits and the
augerings led to the identiﬁcation of 30 soil types. They were attached
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WRB, 2007), which were subsequently subdivided using 9 preﬁxes used
alone or combined. Twenty-six soil types were found to have developed
directly over the volcanic parent rocks in place, distributed from the top
to the bottom of the slope; the 7 RSGs to which they were attached
were Andosols, Podzols, Umbrisols, Alisols, Cambisols, Phaeozems, and
Vertisols. The main pedological and physico-chemical characteristics of
the 7 soil types are presented in Table 1. These 7 soil types covered the
largest areas in this study zone and they were also the most relevant
for explaining the pedogenic evolution on the slope. Four soil types
corresponding to 4 RSGs were recognized as being independent of
the altitude and the volcanic parent rock: Fluvisols, Arenosols, Gleysols,
and Leptosols.
Soils displaying Andic properties were identiﬁed in the zones located
highest up the slope. In fact, Table 1 presents the four characteristics used
to diagnose the Andic properties of a horizon: bulk density, phosphate
retention percentage, organic carbon rate, and the “oxalfe” index. All
the Andosols and the other soils displaying Andic properties were iden-
tiﬁed in high altitude environments (Silandic and Vitric Andosols
(Dystric)), high hummocky basaltic plateaux (Andic Podzols and Silandic
Andosols (Dystric)), andmid-altitude basaltic plateaux with an undulating
topography (Andic Cambisols (Humic, Dystric) and Andic Umbrisols
(Humic)). The pHNaF in Table 1 was used as an andosolization indicator
by Zebrowski (1975) and Raunet (1989, 1991b). Thus, on the basis of this
criterion, theHaplic Cambisol at 830 mwas “closer” to the Andic character-
istic than the Andic Cambisol located at 1064 m; this disagreeswith two of
the three criteria deﬁning Andic properties.
All the Andosols exhibited the Silandic property andmost of them the
Hydric property. All theAndichorizons sampledwere qualiﬁed as SilandicTable 1
Andic properties and general characteristics of 7 selected pedons covering the largest areas
Horizons pH pH Corg. Ntot. CECa BS b Color
Water KCl g kg−1 g kg−1 cmol kg−1 % Munse
Andic Podzol (1630 m asl f; 21° 7′2.04″ S–55° 21′7.17″ E)
0–5/20 cm 4.5 3.6 144 10.8 45.2 5 7,5 YR
5/10–10/30 cm 4.4 3.3 67 4.0 23.8 4 2,5 YR
10/30–20/30 cm 4.3 3.5 141 9.9 52.3 3 5 YR 3/
20/30–70 cm 4.7 4.6 103 5.3 53.5 1 10 YR 4
70–135 cm 5.1 5.3 19 1.2 26.9 1 10 YR 4
Silandic Andosol (Dystric) (1110 m asl; 21° 7′35.66″ S–55° 19′6.38″ E)
0–7/15 cm 6.3 5.3 139 11.4 57.5 30 7,5 YR
7/15–40/50 cm 5.9 5.4 66 3.7 42.8 9 10 YR 4
40/50–130/140 cm 5.4 5.8 16 1.0 22.2 3 7,5 YR
Andic Cambisol (Humic, Dystric) (1064 m asl; 21° 8′48.03″ S–55° 19′18.93″ E)
0–35 cm 5.1 4.5 40 4.4 36.1 24 10 YR 3
35–95 cm 5.7 5.2 11 0.9 28.6 18 7,5 YR
95–135 cm 5.3 4.7 8 0.6 35.7 11 10 YR 4
Haplic Cambisol (Humic, Dystric) (830 m asl; 21° 7′45.17″ S–55° 18′31.48″ E)
0–40 cm 5.4 4.7 31 3 28.1 19 7,5 YR
40–75 cm 6.0 5.0 29 3.3 25 34 7,5 YR
75–215 cm 6.0 5.6 12 1.1 24 19 7,5 YR
Haplic Umbrisol (Humic) (640 m asl; 21° 1′20.87″ S–55° 19′14.16″ E)
0–30 cm 5.2 4.8 31 3.1 26.0 29 10 YR 3
30–80 cm 5.3 4.8 25 2.7 25.8 28 7,5 YR
80–150 cm 5.7 6.7 6 0.6 24.2 31 10 YR 3
Leptic Phaeozem (Eutric) (262 m asl; 21° 8′41.05″ S–55° 17′21.60″ E)
0–50 cm 6.9 6.0 25 2.4 22.7 85 7,5 YR
Leptic Cambisol (Humic, Eutric) (131 m asl; 21° 7′57.98″ S–55° 16′54.76″ E)
0–15 cm 6.6 5.3 20 1.6 26.1 85 5 YR 3/
15–40 cm 7.2 5.8 4 0.4 36.3 76 2,5 YR
40–85 cm 7.1 5.6 2 0.2 36.5 75 2,5 YR
a Cation exchange capacity.
b Base saturation.
c Bulk density.
d Phosphate retention percentage (Blakemore procedure).
e Oxalfe index = Al(o) + 1/2 Fe(o).
f Above sea level; n.d. not determined.as the Si(o) was always over 0.6%, reaching as much as 3.49%. Allophanes
and similarminerals dominated; for a typical Andosol, the quantities of al-
lophane, calculated by Parﬁtt and Wilson's formula (1985), varied from
114.2 g kg−1 in the surface horizon to 178.5 g kg−1 at a depth of 1 m.
The Hydric property was acknowledged for 60% of the Andosols identi-
ﬁed. The geographical distribution was not uniform, though most of the
Hydric Andosols were found at the highest altitudes.
Podzols were formed from Andosols. The Andic Podzols were all
characterized by an Albic horizon over a Spodic horizon. One or
more horizons with Andic properties were always recognized at
depth under the Albic and Spodic horizons. Identiﬁcation of the
podzolization process through the migration of organic matter
from an Albic horizon to a Spodic horizon was conﬁrmed by mea-
suring the optical density of the oxalate extract at a 430 nm
wavelength.
Most of the analytical parameters displayed amonotonous evolution
in line with altitude. The organic carbon, total nitrogen, CEC, pHNaF,
phosphate retention percentage, “oxalfe” index, Si(o), and Al(d) param-
eters increasedwith altitude. Conversely, thepHwater, pHKCl, base satura-
tion rate, and bulk density parameters decreased with the increase in
altitude. Only the sub-surface horizons of the Podzols (Albic and Spodic
horizons) disturbed themonotony for the phosphate retention percentage,
pHNaF, and Si(o) parameters. These parameters were used to assess the
transfer of Nitrates (Feder et al., 2008).
3.2.2. Compilation of the pedolandscape map and its legend
In the cartographic representation of the study zone, we identiﬁed
four major altitude zones and fourteen pedolandscapes corresponding
to as many cartographic units (Fig. 3). The four main altitude zonesof the western part of Reunion.
B.D. c P ret.d Oxalfe e pH Si(o) Fe(d) Al(d) Si(d)
ll g cm−3 % % NaF g kg−1 g kg–1 g kg−1 g kg−1
3/4 n.d. 65 2.4 7.7 3 34 9 6
5/1 0.39 30 0.5 7.4 1 12 2 10
2 n.d. 77 3.0 7.8 2 52 10 6
/4 0.44 95 9.3 10.9 24 71 56 9
/6 0.85 94 7.8 10.4 25 112 55 19
3/2 0.58 96 8.1 10.7 16 85 45 5
/4 0.75 94 9.0 10.8 21 107 57 9
4/4 0.77 94 7.1 10.5 25 124 56 18
/4 1.09 84 2.8 9.2 5 76 24 7
4/3 0.70 90 2.0 8.2 3 91 19 5
/3 0.72 97 2.5 9.1 7 99 29 11
4/3 1.06 80 3.5 9.7 7 94 34 9
4/4 0.80 77 2.9 9.2 5 93 28 7
4/4 0.78 93 3.8 10.0 10 106 41 12
/2 1.18 67 1.0 8.5 1 75 16 3
3/2 1.10 80 1.2 8.6 1 81 17 3
/3 1.00 87 1.1 9.2 2 83 16 3
3/2 1.30 42 0.7 8.2 2 61 5 5
4 1.27 31 0.5 8.1 1 59 4 5
3/4 1.32 50 0.7 9.1 2 65 4 6
3/6 1.42 47 0.7 8.9 2 51 4 9
221F. Feder / Catena 110 (2013) 215–224from top to bottom of the slope, based on geomorphological observa-
tions, were: high altitude environments, high hummocky basaltic pla-
teaux, mid-altitude basaltic plateaux with an undulating topography,
and low basaltic plateaux with an undulating topography. Each of
these major zones consisted of one or more pedolandscapes. This
groupingwas based on geographical proximitywithin a geomorpholog-
ical whole and a certain uniformity of use or development of soil types.
Ten cartographic units (CU 1 to CU 10) were distributed along the four
major altitude zones adopted, from top to bottom of the slope, and
four units were independent from this altitudinal gradient (CU 11 to
CU 14). Several pedolandscape units were only formed by a single soil
typological unit: CU 2 and CU 9 for the elevation-dependent zones
and all the units independent from this altitudinal gradient. A well
developed soil type corresponded to each altitude range, which was
generally associated with an incompletely developed type of soil
(Cambisol) displaying the same pedogenic tendency.
The pedogenic processes were correlatedwith the altitude gradient.
The high hummocky basaltic plateaux were marked by andosolization
down to 900 m asl. Under forest from 1600 to 1800 m podzolization
was superimposed, facilitated by the existence of a layer of phytoliths
from non-current bamboo vegetation (Nastus borbonicus) as shown by
Alarcon (1995). Below 900 m asl, pedogenesis has not been long and
marked enough to have formed typically tropical soils. Accordingly,
we foundUmbrisols, Phaeozems, and Cambisols, young andmoderately
developed soils, at those elevations.
3.3. Comparison of two types of updating approach
At the lower elevations, under 500 m asl, Haplic Phaeozems
(Dystric), Leptic Phaeozems (Eutric), and Leptic Cambisols were poorlyFig. 3. New soil map and its legend for the study zone in the western region of Reunion. Fo
units are indicated in brackets and the least represented or those deduced from earlier studupdated into Haplic Nitisols (Humic, Eutric). All the ﬁeld descriptive
criteria (texture, structure, Munsell colors) of a Nitic diagnostic horizon
were met. The CEC value and the presence of kaolinite and halloysite
(Zebrowski, 1975) were thus in line with the additional characteristics
of a Nitic horizon deﬁned in theWRB. Quantities of active iron extractable
by acid oxalate (pH 3), and free iron extractable by citrate–dithionite
were compatible with the diagnostic criteria of a Nitic horizon, while
the water-dispersible clay to the total clay ratio was not; this parameter
reﬂects the degree of soil alteration. The surface diagnostic horizons
were thus a Mollic horizon and the RSG was a Phaeozem (Table 2).
When the thickness was not sufﬁcient, the subsurface diagnostic horizon
was thus a Cambic horizon and the RSG was a Cambisol (Table 2). Both
these RSGs, at these altitudes, therefore displayed a shorter and less in-
tense pedogenesis than the majority of typical tropical soils. However,
Nitisols have been observed in the northwest of Reunion (La Mare,
Sainte-Marie) over identical parent rocks, though subjected to more in-
tense hydrolytic alteration. The properties of the soils in the west of Re-
union therefore resemble these Nitisols, though without meeting all the
diagnostic criteria due to a less marked pedogenesis.
In comparison with other studies in similar ecosystems, the inten-
sity and duration of tropical pedogenesis on the island of Reunion
have therefore been overestimated. None of the authors identiﬁed
Reddish-brown halloysite-bearing soils, yet they were reported in nu-
merous other studies on tropical soils developed over volcanic mate-
rial (Albrecht et al., 1992; Colmet-Daage et al., 1967, 1970, 1973), or
simply Brown soils with the clay fraction seemingly dominated by
halloysite, as in Ecuador (Winckell et al., 1991). With similar climatic
conditions, soils from the Hawaiian archipelago do not show a
chronotoposequence (Deenik and McClellan, 2007). The youngest
island (Hawaii, about 500,000 years BP) does not show Oxisols orr each cartographic unit (CU) or pedolandscape unit, the most common soil taxonomic
ies are indicated in curly brackets.
Table 2
Synthetic comparison of the pedological studies undertaken in the study area and our two types of updating approach.
Altitude        
(m)
Riquier               
(1960a; 1960b)
Zebrowski         
(1975)
Raunet
(1988, 1991b)
This study (2013)
without new data
This study (2013)
with new data
1850 and +
Organic beige 
ferrallitic soils; 
Mascareignite-
bearing soils; 
Organic 
Lithosols
Podzols              
(type IV)
Vitric Andosols; 
outcrops
Vitric Andosols Vitric Andosols (Dystric)
1800 −1850
1750 −1800
Desaturated 
mascareignite
bearing Andosols
Andic Podzols Andic Podzols
1700 −1750
1650 −1700
1600 −1650
1550 −1600
Beige ferrallitic 
soils
Perhydrated 
desaturated 
Andosols 
Hydric Andosols 
(Dystric)
Silandic Andosols (Dystric)
1500 −1550
Andosols             
(type III)
1450 −1500
1400 −1450
1350 −1400
1300 −1350
1250 −1300
1200 −1250
Desaturated 
Andosols 
Andosols (Dystric)
1150 −1200
1100 −1150
1050 −1100
1000 −1050 Silandic Andosols (Dystric); 
Andic Umbrisols (Humic); 
Andic Cambisols (Humic, Dystric)
950 −1000
900 − 950
850 − 900
Brown ferrallitic 
soils; 
Reddish-brown 
ferrallitic soils
Andic 
ferrallitic soils                    
(type II) Andic Umbrisols 
(Humic)
Haplic Umbrisols (Humic);
Haplic Cambisols (Humic, Dystric)
800 − 850
750 − 800
700 − 750
650 − 700
Andic brown soils
600 − 650
Ferrallitic soils              
(type I)
550 − 600
500 − 550
450 − 500
Haplic Nitisols 
(Humic, Dystric)
Haplic Phaeozem (Dystric);
Leptic Cambisols (Humic, Dystric)
400 − 450 Brown soils; 
outcrops350 − 400
Reddish-brown 
ferrallitic soils
300 − 350
(no data)
Brown ferruginous 
soils; 
Fersialitic soils
Haplic Nitisols
(Humic, Eutric); 
outcrops
Leptic Phaeozems (Eutric); 
Leptic Cambisols (Humic, Eutric);
outcrops
250 − 300
200 − 250
150 − 200
Brown 
ferruginous 
soils; 
Lithosols
100 −150
50 −100 Haplic Vertisols
(Humic, Hypereutric); 
Haplic Nitisols 
(Humic, Eutric); outcrops
Haplic Vertisols
(Humic, Hypereutric);
Leptic Cambisols (Humic, Eutric); 
outcrops
0 − 50
Vertic soils; 
outcrops
222 F. Feder / Catena 110 (2013) 215–224Ultisols, unlike the other older islands (up to 5,000,000 years BP).
The pedogenesis therefore applies to materials of different ages
(corresponding to the different islands in the archipelago) that are
more contrasting than in Reunion.
At intermediate elevations, from 500 to 900 m asl, Haplic Umbrisols
(Humic) and Haplic Cambisols (Humic, Dystric) were poorly updated
into Andic Umbrisols (Humic). In fact, the Andic preﬁx was attributed
though not all the diagnostic criteria were met. The creation of several
analytical criteria (bulk density, “oxalfe” index and phosphate retention
percentage) in new systems of soil classiﬁcations has substantially
limited the impact of ﬁeld descriptions in deﬁning Andic properties.
However, the Umbric diagnostic horizon has been properly identiﬁed.
Haplic Cambisols (Humic, Dystric) corresponded to soils with the
same properties, except for the thickness of the diagnostic surface hori-
zon, which was not sufﬁcient.
From 900 to 1050 m asl, several soils with Andic properties were
poorly interpreted as Andosols. All the analytical criteria of Andic prop-
erties weremet (Andic preﬁx for Umbrisols) except the thickness or thebeginning of Andic layers within 25 cm of the soil surface. Moreover,
several soils at the lower altitudes (about 900 m asl) did not display
all the Andic diagnostic criteria and have thus been classed as Haplic
Cambisols (Humic, Dystric). These differences come from a stricter
deﬁnition of Andic properties in new soil classiﬁcation systems. In addi-
tion, Hydric properties were not always observed and the Hydric preﬁx
could not be applied to all the Andosols over 1250 m asl. Conversely,
the Silandic preﬁx could be applied to all the Andosols over 1050 m
asl using the analysis results for silicon extractable by oxalate at pH 3.
Correlation problems were observed for the determination of both
the RSG and the qualiﬁers. The soils in the western zone of Reunion
do not exhibit a sufﬁcient degree of alteration to be classed as Nitisols,
unlike other soils developed over rocks of identical age and character-
istics as those in the northeast of the island (La Mare, Sainte-Marie).
The water-dispersible clay to total clay ratio was not compatible
with the diagnostic criteria of a Nitic horizon; only the determination
of this parameter in the laboratory would have made it possible to
avoid poor updating as the ﬁeld descriptions for all the other parameters
223F. Feder / Catena 110 (2013) 215–224pointed to a Nitic diagnostic horizon. Likewise, the diagnostic criteria
for Andic properties need to be measured in the laboratory to avoid
poor updating, both for the Andic preﬁx and for determining Andosols.
In the case of Reunion, further analysis is therefore essential to avoid
poor updating. In other similar situations, updating as Nitisols, without
further analyses, would have been alright if the pedogenesis had been
greater. However, in order to deﬁne precise and reliable limits for Andic
properties and Andosols, systematic use of analytical determinations
needs to be considered when updating old soil maps.
3.4. Conclusion
The age of the studies is not the decisive factor in the updating difﬁ-
culty. The latest and most complete study prior to ours (Raunet, 1988,
1991b) with its Andosols descending as far as 700 m asl and its Andic
brown soils between 500 and 700 m, seems more difﬁcult to update
than the oldest study (Riquier, 1960a,b). Between the two, the study
by Zebrowski (1975), which is more satisfactory in some ways since it
offers a good Andosol limit and the correct identiﬁcation of Podzols,
only involved a toposequence and only began above 350 m asl. While
it is accepted that the Beige ferrallitic soils reported by Riquier
(1960a) are in fact Andosols that were not identiﬁed for historical rea-
sons, the “Podzols–Andosols–other soils” succession is acknowl-
edged by all.
When comparing our study with these old studies in our project
zone, we found that there did not exist any one-to-one correlation
between two of these studies. The use of the WRB led to some real
progress, as the preﬁxes and sufﬁxes proposed were more suitable
for the description of these soils than the previously used classiﬁca-
tion (CPCS). The CPCS did not make it possible to account for such a
distribution of soils without “inventing” sub-groups based on person-
al deﬁnitions. Soil Taxonomy did not offer the same facilities: for ex-
ample, the sub-orders of the Inceptisols (poorly developed soils in
that system) were identiﬁed by the pedoclimate and not by the, as
yet, little marked pedogenesis. Updating would not have been easier
using the new French classiﬁcation, a follow-on from the CPCS used
in earlier studies. The old studies we analyzed here came well before
the publication of the 1995 version (Baize and Girard, 1995), followed
by the 2008 version (Baize and Girard, 2009) of the Référentiel
Pédologique Français (RPF), which itself followed on from the CPCS
classiﬁcation. As regard correlations between the CPCS and the RPF,
Baize and Girard (2009) speciﬁed that there was no one-to-one corre-
lation, as the principles of the two systems were not identical. In ad-
dition, it was only in the last RPF version (2008) that new sections
dealing with solums of intertropical zones (Ferrallitisols, Oxydisols,
Nitosols, and Ferruginosols) were introduced. The authors pointed
out that this was a ﬁrst draft which would no doubt merit in-depth
revision once tried and tested by its users. Use of the RPF can raise
similar difﬁculties to those encountered by Zebrowski in 1975 for
two reasons: (i) the RPF does not impose any true hierarchy in the
criteria adopted, and (ii) mineralogy is still deduced from Ki ratio
values.
Over the last ﬁfty years the progress made in our knowledge and
classiﬁcation of soils developed over volcanic materials in the Tropics,
and progress made in assessing the age of volcanic events, are two
factors that explain the rapid obsolescence of old soil maps, such as
those we analyzed for the island of Reunion. Our approach, and the
conclusions drawn from our comparison of the old studies, can be
usefully applied in other situations, when updating other soil maps,
be it in tropical or temperate surroundings.
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a  b  s  t  r  a  c  t
Pig  slurry  is  commonly  spread  on  crop  ﬁelds  as  a means  of  managing  this  agricultural  waste  product.
However,  this  practice  has  an impact  on the  environment,  e.g.  increasing  soil  copper  (Cu)  and  zinc (Zn)
concentrations.  Many  studies  have  assessed  the fate  of these  elements,  but  some  questions  remain,  espe-
cially with  respect  to  tropical  agrosystems  which  have  yet  to be  studied  in depth.  The  aim  of  this study
was  to determine  the  fate of  Cu  and  Zn  from  pig slurry  spreading  while  also  focusing  on  describing
the  dynamics  of  these  elements  in a tropical  system  and  accounting  for  the  three  compartments  of  the
water–soil–plant  system.  We  observed  that  all of  the  Zn  accumulated  within  the  20–60 cm  soil  layer.
Although  the  uncertainty  calculated  for these  results  was  high,  these  ﬁndings  were  conﬁrmed  by  the
absence  of uptake  by the  plant  cover  and  of  leaching  via  water  ﬂows.  This  pattern  for Zn  in a tropical
setting  differed  from ﬁndings  generally  reported  in temperate  areas.  The  Zn accumulation  mechanism  in
tropical soil  seems  to  be a  reversible  sorption  phenomenon,  suggesting  the  possibility  of  long-term  Zn
leaching.  The  Cu  mass  derived  from pig slurry  spreading  was  stored  in  the  0–20  cm  soil  layer.  This  result
obtained  in  a tropical  environment  was  similar  to  that  noted  in  temperate  areas.  This  could  be  explained
by Cu  speciation  in the  pig  slurry  (insoluble  copper  sulﬁde),  and was  therefore  relatively  independent  of
the  soil–climate  system.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
World pig production has increased by 42% over the last 40 years
(1970–2009), reaching 941 million animals in 2009 (FAOSTAT-
faostat.fao.org). Substantial pig slurry production is a direct impact
of this intensive pig production, with single pigs generating
2–20 l/day of slurry (Levasseur, 1998).
Pig slurry spreading in crop ﬁelds has been common practice
for several decades (L’Herroux et al., 1997; Martinez and Peu,
2000). Chemical fertilization can be partially replaced by pig slurry,
which has high nitrogen, phosphorus and potassium concentra-
tions. However, this practice may  also have negative environmental
impacts, including contamination of groundwater by nitrates (Peu
et al., 2007; Payet et al., 2009, 2010) or phosphate (Smith et al.,
2004).
The presence of trace elements in slurries has been documented
for many years (e.g. Atkinson et al., 1954) especially copper (Cu) and
zinc (Zn), which occur in high quantities (Nicholson et al., 1999;
∗ Corresponding author. Tel.: +33 04 42 97 17 75; fax: +33 04 42 97 15 59.
E-mail address: doelsch@cirad.fr (E. Doelsch).
Sanchez and Gonzalez, 2005; Moral et al., 2008). Both of these ele-
ments are added to livestock feed on account of their growth factor
(Cu) and antibiotic (Zn) properties (Jondreville et al., 2003). During
pig slurry spreading, Cu and Zn may  be released in the environ-
ment and could be toxic to animals and plants (Alloway, 1995;
Kabala and Singh, 2001). After spreading, Cu and Zn can contam-
inate plants (Singh and Agrawal, 2007), but Cu and Zn uptake by
plants varies depending on the crop, i.e. no uptake noted for maize
(Zea mays), alfalfa (Medicago sativa)  or sugar beet (Beta vulgaris)
(Mantovi et al., 2003), whereas 1.4% uptake of Cu and 4% of Zn have
been reported for Indiangrass (Sorghastrum nutans)  (McLaughlin et
al., 2004). Massive input of Cu and Zn following pig slurry spread-
ing is also responsible for the contamination of water resources by
leaching, ultimately with an impact on the groundwater (Xue et al.,
2000; Aldrich et al., 2002; Xue et al., 2003; Hao et al., 2008). How-
ever, most authors describe a signiﬁcant increase in soil Cu and Zn
concentrations following pig slurry spreading (Martinez and Peu,
2000; Mantovi et al., 2003; Novak et al., 2004; Gräber et al., 2005;
Lipoth and Schoenau, 2007).
The above mentioned studies were all conducted in temper-
ate soil–climate conditions. To our knowledge, no studies have
assessed the impact of pig slurry spreading on tropical soils with
0167-8809/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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respect to trace elements (Cu and Zn). And the results obtained
to date in temperate soil–climate conditions cannot be applied
to tropical environments with different soils, crops and climatic
conditions. The conditions that prevail in tropical regions may,
however, be hazardous, especially due to heavy rainfall.
The aim of this study was to determine the behaviour of Cu
and Zn following pig slurry spreading by taking three points into
account: (i) the pedological and climatic conditions in the tropical
environment, (ii) the monitored Cu and Zn concentrations in the
three compartments of the water–soil–plant system following pig
slurry spreading, and (iii) an in-depth examination of uncertainty
during the different experiments in order to assess the mass balance
for Cu and Zn derived from slurry spreading in the water–soil–plant
system.
2. Materials and methods
2.1. Site description
This study was carried out on the island of Réunion (Indian
Ocean, 55◦18′E–21◦07′S), in the Colimac¸ ons research station, which
is located at 780 m asl. The annual mean rainfall is 1250 mm dur-
ing two seasons: a dry season (May–October), during which the
rainfall (210 mm)  is lower than the potential evapotranspiration
(PET) (460 mm),  and a rainy season (November–April), when the
rainfall (1040 mm)  is higher than the PET (550 mm). Cyclones only
occur during the rainy season (Chopart and Mézino, 2003). At
Colimac¸ ons, Feder and Findeling (2007) classiﬁed the soil as an
Andic Cambisol (WRB, 2006). It has two horizons: a surface hori-
zon A (0–40 cm)  which has been altered by human activity at a
shallow depth (<50 cm), and an Andic horizon B (40–200 cm). Steno-
taphrum dimidiatum grass was selected as plant cover because pig
slurry spreading on a grass-covered soil is representative of farm-
ing practices in this region of Réunion, and also because this grass
has a creeping root system, which reduces the risk that the roots
could have an effect on soil solution sampling at 60 cm depth.
2.2. Field experiment
The study was conducted on a 1200 m2 experimental plot. The
plot was divided in two sub-plots: no pig slurry was  spread on the
ﬁrst one (control plot), whereas there were ﬁve slurry applications
on the second one (pig slurry plot). The area of the control plot
was 537 m2 and the pig slurry plot was 589 m2. Three pig slurry
applications (PSo) were carried out over the 2002–2005 period. A
pig slurry volume of 71 m3 ha−1 was spread in 2003, 68 m3 ha−1
was spread in 2004 and 69 m3 ha−1 in 2005. Then 163 m3 ha−1 of
pig slurry was  spread the 14 and 15 November 2006 and again the
4 and 5 July 2007. The volume of slurry spread per application was
between 68 and 163 m3 ha−1 y−1, which corresponds to the mean
level for pig slurry spreading on crop ﬁelds in France (Coppenet et
al., 1993).
The test plot was equipped to monitor soil water and solute
ﬂows (Fig. 1). A meteorological station that is part of the Météo
France network was located less than 100 m from the crop plot.
This meteorological station provides PET readings with 1 measure-
ment per day. Rainfall was recorded with a tipping-bucket rain
gauge (Campbell ARG 100; Campbell Scientiﬁc, Antony, France)
set up close to the test plot. The measurement frequency was
1 measurement h−1.
Measurement sites RC and RPS included a rectangular 3 m2 plot
for measuring runoff. Runoff water accumulates in a can equipped
with a bottom-mounted pressure sensor. This pressure sensor
measures the water pressure and, after calibration, the runoff water
volume per surface unit can then be determined with a frequency
of 1 measurement h−1.
Measurement sites TC1, TC2, TPS1 and TPS2 were equipped with
two time domain reﬂectometry (TDR) probes (Campbell CS616;
Campbell Scientiﬁc, Antony, France) set at 30 cm and 60 cm depth
and two  automatic tensiometers (SDEC STCP 850; SDEC, Reignac
sur Indre, France) set at 45 cm and 75 cm depth (Fig. 1). The TDR
probes, tensiometers and pressure sensors in the runoff plot were
calibrated beforehand and linked to a datalogger (Campbell CR10X-
2M via AM16/32 multiplexers; Campbell Scientiﬁc, Antony, France)
so as to be able to perform automatic measurements. The TDR
probes permit to measure the volumetric water content  (m3 m−3)
with a frequency of 1 measurement h−1. The tensiometers permit
to measure the Water pressure head h (cm) with a frequency of
1 measurement h−1.
The data acquisition timing is shown in Fig. 2. Hereafter, the time
at which the data was collected is labelled with a day code, with
day 1 being 1 November 2006. Following pig slurry spreading (PS1,
days 15–16), data were collected over the following 4 months of
the rainy season (R1, days 32–149). Pig slurry spreading (PS2, days
248–249) was carried out and data were collected during the rainy
season (R2, days 250–352).
Due to time schedule management, the R2 rainy season was
actually an artiﬁcial rainy season that was simulated by artiﬁcial
watering. The watering conditions were calculated to simulate the
mean recorded precipitation over a 20 year period for the four most
rainy months, i.e. 736 mm total precipitation. This involved two
monthly watering treatments ranging from 46 to 112 mm during
the four R2 months.
2.3. Sampling and analysis
2.3.1. Pig slurry sampling and analysis
During each spreading, a composite pig slurry sample (repre-
senting a mixture of 10 samples collected during spreading) was
collected. The samples were stored at 4 ◦C prior to analysis.
The dry matter content was  determined along with the total
nitrogen (Kjeldahl nitrogen) and organic carbon (Corg) contents.
Corg was  determined using the NF ISO 10694 standard procedure.
The assay was  performed by dry combustion on a THERMOQUEST
CN 2100 (Thermo Fisher Scientiﬁc, Villebon sur Yvette, France) ele-
mental analyser (gas chromatography measurement). The analyser
was calibrated with a pure organic compound (glycine).
Pig slurry has an organic matter concentration of over 5%, so
sample dissolution was  performed by acid digestion using the
NF X31-147 standard procedure. 0.2 g of slurry was  calcined at
500 ◦C and then dissolved in a mixture of nitric, perchloric and
hydroﬂuoric acid until dry. The mineral (P, K, Na, Ca, Mg,  Al, Ni,
Cu and Zn) contents were determined with an inductively coupled
plasma-optical emission spectrometer (ICP-OES Vista-PRO, Varian
Inc.; Agilent, France). Certiﬁed reference samples were analyzed in
the same way at a rate of one per 20 samples. The uncertainty was
estimated at ±10%.
2.3.2. Soil sampling and analysis
Soil samples (Ss) were collected on the control plot and the
pig slurry plot (Fig. 1). The test plot was  divided into 5 m × 5 m
squares. Soil samples were extracted from the 0–20 cm,  20–40 cm
and 40–60 cm soil layers at the centre of each square using an auger.
Overall, 108 samples were collected (21 within each soil layer for
the pig slurry plot and 15 for the control plot).
The samples were dried at ambient temperature, ground and
dried for 24 h at 105 ◦C, to measure the dry mass. The samples were
then beaded (PANalytical benchtop MiniFuse 2 system; PANalyti-
cal, Limeil, France), which minimizes matrix effects during analysis.
Total concentrations of Si, Al, Fe, Mn,  Mg,  Ca, Na, K, Ti, Cr, Cu, Ni,
Author's personal copy
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Fig. 1. Top view of the situation and instrumentation of the measurement sites on the test plots: RC and RPS were sites with runoff plots on the control plot and the pig
slurry  plot, respectively; TC1 and TC2 were sites equipped with tensiometers and TDR on the control plot; and TPS1 and TPS2 were sites equipped with tensiometers and
TDR  on the pig slurry plot.
Pb and Zn were analyzed by X-ray ﬂuorescence (PANalytical Axios
PW4400; PANalytical, Limeil, France). Calibration and uncertainty
determination were carried out using standard international soil
and rock materials (Chinese standard soils and geochemical refer-
ence materials from Service d’Analyse des Roches et des Minéraux
(SARM)). The uncertainty was less than 10%.
2.3.3. Plant sampling and analysis
S. dimidiatum grass samples (Vs) were collected in the control
plot and pig slurry plot. Six samples were randomly collected per
plot. The sampling involved collecting all plants (stems and leaves)
growing within a 1 m2 area. The plants were then washed with
pure water and dried at 60 ◦C for 24 h to measure the dry mass.
They were then calcined at 500 ◦C and the ash was dissolved in 6 N
HCl. These solutions were then analyzed by ICP-OES to determine
the Cu and Zn concentrations. The uncertainty was estimated to be
±10%.
2.3.4. Soil solution extraction
Soil samples were collected weekly at 60 cm depth using an
auger during the R1 and R2 rainy seasons. The soil solution was then
extracted using a procedure adapted from Keller (1995).  Geotextile
was placed at the bottom of punctured centrifuge tubes. Each tube
was ﬁlled with 50 g of fresh soil and then placed in adapters and
centrifuged at 6000 × g for 60 min  (Eppendorf 5810-R centrifuge).
The soil solution was collected at the bottom of the adapters. The
procedure was repeated until 32 ml  of soil solution was  obtained.
These solutions were stored in sealed containers to prevent air
contact. They were then ﬁltered at 0.2 m (Sartorius Minisart high
ﬂow syringe ﬁlters with a polyethersulfone membrane) and acidi-
ﬁed in concentrated nitric acid (Fischer nitric acid 70%, trace metal
analysis grade) in order to avoid oxide precipitation. Ca, Mg,  K, Na,
Fe, Al, Mn,  Si, Cu and Zn concentrations were analyzed by ICP-MS
(Varian Vista).
2.4. Mass balance
2.4.1. Calculation of Cu and Zn inputs from pig slurry
The element quantity Q (Cu or Zn) derived from pig slurry
spreading was  calculated using Eq. (1):
Q = 1
10,  000
× Vps × dps × Mpss × [E]
S
(1)
where Q (kg ha−1) is the element quantity (Cu or Zn) derived from
pig slurry spreading, Vps (dm3) is the volume of pig slurry spread,
dps (kg dm−3) is the pig slurry density, Mpss (%) is the percentage
of dry mass in the pig slurry, [E] is the element concentration (Cu
or Zn) in the pig slurry (mg  kg−1 of Ms) and S is the area of the pig
slurry plot (m2).
Fig. 2. Diagram of the data acquisition timing. PSo = pig slurry spreading before the period of data acquisition; PS1 = ﬁrst pig slurry spreading of the data acquisition period;
R1  = ﬁrst rainy season; R2 = second rainy season; PS2 = second pig slurry spreading of the data acquisition period; Ss = soil sampling; Vs = plant sampling.
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2.4.2. Calculation of the exogenous Cu and Zn mass in soil
Cu and Zn were from two sources: (i) Cu and Zn occur natu-
rally in the soil (pedogeochemical background) and (ii) Cu and Zn
were derived from pig slurry spreading. The mass M (kg ha−1) of
Cu and Zn from this second source was calculated for each of the
studied soil layers (0–20, 20–40 and 40–60 cm) with the following
equation:
M = 1
10,  000
× Slss × ds × Mss × ([E]PS − [E]GB) (2a)
where M is the exogenous mass of the element (Cu or Zn) (kg ha−1),
ds is the soil density (kg dm−3), Slss is the thickness of the studied
soil layer (always equal to 0.2 m),  Mss is the percentage of dry mass
in the soil (%), [E]PS (mg  kg−1) is the concentration of the element
(Cu or Zn) measured in the pig slurry plot, and [E]GB (mg  kg−1) is the
concentration of element E that occurs naturally in the pig slurry
plot.
Each term of this equation was measured in the ﬁeld, except
[E]GB, which is the element concentration (Cu or Zn) of the pedo-
geochemical background of the pig slurry plot. This concentration
was not determined when the experiment was set up. [E]GB was
approximated: (i) according to the Cu and Zn concentration in the
control plot, (ii) using the typological method (Baize, 1997; Dère et
al., 2006). The typological method is based on the fact that in natural
conditions there is a linear relationship between the concentration
of major soil elements (Al or Fe) and trace metal concentrations
(Cu, Zn, etc.) of the pedogeochemical background. The following
equations were used:
[Cu]GB = a[Al] + b (2b)
[Zn]GB = c[Al] + d (2c)
For each soil layer, parameters a, b, c and d were determined by
linear regression from the Cu, Zn and Al concentrations measured
in 15 soil samples collected in the control plot. Eqs. (2b) and (2c)
were then used to calculate the Cu and Zn concentrations of the
pedogeochemical background of the pig slurry plot from Al con-
centrations measured in 26 soil samples collected in the pig slurry
plot.
2.4.3. Calculation of the Cu and Zn mass taken up by plants
We calculated the element mass (Cu or Zn) taken up by plants
(P in kg ha−1) derived from pig slurry spreading with the following
equation:
P = 1
100
× MvS × ([E]VPS − [E]VC) (3)
where MvS is the dry mass of the plants (kg m−2), [E]VPS (mg  kg−1)
is the element concentration (Cu or Zn) measured in plants in the
pig slurry plot, and [E]VC (mg  kg−1) is the element concentration
(Cu or Zn) measured in plants in the control plot.
2.4.4. Calculation of the ﬂow of Cu and Zn leached to 60 cm
The quantity of Cu and Zn leached to 60 cm depth (L in kg ha−1)
was calculated with the following equation:
L = 1
100, 000
[∫ t2
t1
qm(z0, t) × cm(z0, t)dt
]
(4)
where cm(z0, t) is the Cu and Zn concentration in the solution at
60 cm depth at time t (g dm−3) and qm(z0, t) is the water leached
to 60 cm depth at time t (dm−3 m−2), provided that the dispersion
before convection is neglected in the ﬂow equation.
cm(z0, t) was measured in soil solutions collected weekly at
60 cm depth. The water ﬂux qm(z0, t) was not measured and
was modelled with HYDRUS 1D software. HYDRUS-1D is a hydro-
dynamic modelling programme that is based on the assumption of
water ﬂow described by Richards’ equation.
∂
∂t
= ∂
∂z
{
k()
(
∂h()
∂z
− 1
)}
−  (z, t) (5)
where  is the water content (m3 m−3), K() is the soil hydraulic
conductivity (m s−1), h() is the soil water pressure head (m), 
(m3 m−3 s−1) is the root water extraction rate at depth z and time
t.
The Van-Genuchten functions (van Genuchten, 1980) were cho-
sen for this study.
(h) =
⎧⎪⎨⎪⎩
r + s − r[
1 +
∣∣˛h∣∣n]m if h < 0
s if h ≥ 0
(6a)
K() = Ks ×
(
 − r
s − r
)
×
[(
1 −
(
 − r
s − r
)l/m)m]2
(6b)
m = 1 − 1
n
if n > 1 (6c)
where r and s are the residual water content and water content at
saturation, respectively (m3 m−3), Ks is the hydraulic conductivity
at saturation (mm  h−1), ˛, n, m and l are form parameters.
HYDRUS-1D numerically solves Richards’ equation for water
ﬂows in one dimension (Simunek et al., 1998) using the retention
h() and conductivity K() functions with appropriate initial and
boundary conditions.
A domain representing a soil column must be deﬁned to be able
to simulate soil water ﬂows with HYDRUS-1D. Here the domain
consisted of two compartments representing the two soil horizons.
Compartment 1 (0–40 cm)  and compartment 2 (40–100 cm). The
ﬁnite element grid consisted of a total of 101 nodes. The hydro-
dynamic characteristics differed for the two  horizons. The initial
time step was 0.1 days, the minimum 0.01 days, and the maximum
2 days.
The initial pressure head proﬁle was  set at values similar to
the tensiometric data measured in situ and increasing with depth.
The conditions at the upper limit were rainfall and daily potential
evapotranspiration (PET) measured at the weather station. PET was
considered equal to the evapotranspiration (ET) because the plant
cover was  a grass. Indeed, grasses have a crop coefﬁcient (Kc) very
close to 1. The lower boundary condition was free drainage.
The saturated hydraulic conductivity (Ks) of the Colimac¸ ons soil
was measured in situ using the double-ring method (Reynolds et
al., 2002). The moisture at saturation (s) was set at the maximum
moisture value measured for the two  combined rainy seasons.
We assessed the performances of the model using the Will-
mott coefﬁcient (d), as deﬁned by the following equation (Willmott,
1981, 1982):
d = 1 −
[ ∑n
i=1mi − Si∑n
i=1(
∣∣Si − m¯∣∣+ ∣∣mi − m¯∣∣)2
]
(7)
where n is the number of available values, mi is the ist measured
value, m¯ is the mean of the measured values, and Si is the ist simu-
lated value.
The Willmott coefﬁcient (d) is a dimensionless coefﬁcient
between 0 and 1. When the measured values were well repro-
duced by the model, it was  equal to 1. d is used in many different
ﬁelds (Chahinan, 2004; Sogbedji et al.,  2006; Zhang et al., 2007)
to measure the nonsystematic uncertainty that quantiﬁes the
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Table 1
Physical and chemical characteristic of the spread pig slurry, with PSo for the three pig slurry applications carried out over the 2002–2005 period, PS1 for the pig slurry
spread  the 14 and 15 November 2006 and PS2 for the pig slurry spread the 4 and 5 July 2007.
Pig slurry PSo PS1 PS2 Mean SD
Date 2003 2004 2005 2006 2006 2007 2007
Density  (kg m−3) 1015 1041 1067 1041 1041 1006 1006 1031 21
Dry  matter (g kg−1 bm)  32.7 12.7 51.7 25 54 8.6 11 28.0 17.6
pH  7.6 7.8 n.d. 8.3 7.9 7.7 7.7 7.8 0.2
Corg (g kg−1 bm) 373 263 n.d. 276 327 288 319 308 37
Ntot (g kg−1 dm)  120 230 n.d. 165 89.8 235 169 168 53
P  (g kg−1 dm)  35.6 25.4 n.d. 31.3 33 21.8 29.4 29.4 4.6
K  (g kg−1 dm)  78.6 220 n.d. 143 68.9 177 137 138 53
Na  (g kg−1 dm)  n.d. n.d. n.d. 18.3 9.0 33.5 26.3 21.8 10.6
Ca  (g kg−1 dm)  19.5 7.9 16.1 13.4 21.1 16.3 18.4 16.1 4.1
Mg  (g kg−1 dm)  17.9 8.1 12.3 11.2 17 6.86 12.2 12.2 3.8
Al  (g kg−1 dm)  n.d. n.d. n.d. 0.70 0.67 0.36 1.99 0.9 0.6
Fe  (g kg−1 dm)  n.d. n.d. n.d. 1.54 1.57 0.75 2.76 1.6 0.8
Cu  (mg  kg−1 dm)  n.d. n.d. 342 371 434 271 575 399 103
Zn  (mg  kg−1 dm)  n.d. n.d. 593 659 782 348 792 635 162
Ni  (mg  kg−1 dm)  n.d. n.d. n.d. 19.1 12.2 n.d. n.d. 15.7 4.9
Ctot = total carbon, Ntot = total nitrogen, bm = raw matter, dm = dry matter, n.d. = not determined.
measurement accuracy and the systematic uncertainty (Zhang et
al., 2007).
For each rainy season, the water balance was deﬁned as:
R = D + Roff + E + S  (8)
where R is the cumulative rain during the rainy season period, D
is the cumulative drainage during the rainy season period, Roff is
the cumulative run off during the rainy season period, E is the
cumulative evapotranspiration during the rainy season period of
available values, and S  is the water storage variation during the
rainy season.
2.5. Uncertainty calculations
For each measured variable, the uncertainty was taken as being
equal to the standard deviation  of the measurements. We used
the following equations for propagation of uncertainty.
The uncertainty of a sum or difference was equal to the sum of
uncertainties:
(A + B) = (A − B) = A  + B (9)
The relative uncertainty of a product or quotient was  the sum of
relative uncertainties:
For C = A × B or, C = A
B
we have :
C
C
= A
A
+ B
B
(10)
3. Results
3.1. Cu and Zn in pig slurry
Pig slurry is a mixture of pig wastes (urine and faecal matter).
The characteristics of the spread pig slurry considered in this study
are given in Table 1. This slurry was characterized by a low dry
matter content, ranging from 8.6 to 54 g kg−1. It had a pH of around
8, high plant nutrient contents (N, P and K), as well as high Ca, Na,
Mg  and Cl concentrations.
The Fe and Al concentrations ranged from 0.75 to 2.76 g kg−1 and
0.36 to 1.99 g kg−1, respectively. These concentrations were very
low with respect to the Fe and Al concentrations naturally present
in the Colimac¸ ons soil, which ranged from 156 to 159 g kg−1 and
160 to 179 g kg−1, respectively (Table 4).
The Cu and Zn concentrations of the spread pig slurry ranged
from 271 to 575 mg  kg−1 for Cu and 348 to 792 mg  kg−1 for Zn.
The quantity Q of Cu and Zn derived from spreading was  esti-
mated with Eq. (1) according to the quantity of slurry applied
and the slurry concentration measurements (Table 1). The uncer-
tainty for Q (calculated using Eqs. (9) and (10) and the values in
Table 1) was 108% for Cu and Zn, and hence QCu = 6 ± 6 kg ha−1 and
QZn = 10 ± 11 kg ha−1 for all of the slurry applications.
3.2. Cu and Zn in the plant compartment
The Cu and Zn concentrations in the plant cover are shown
in Table 2. For Zn, no signiﬁcant difference was  measured
between the pig slurry plot (47 ± 13.9 mg  kg−1) and the control
plot (39 ± 9.1 mg  kg−1). The Cu concentration in plants sampled
in the pig slurry plot (10 ± 1.4 mg  kg−1) was  signiﬁcantly higher
at the 5% level (Student’s t-test) than that in the control plot
(7 ± 1.7 mg  kg−1).
The Cu mass taken up by plants (PCu) that could be explained
by pig slurry spreading was calculated using Eq. (3) accord-
ing to the dry mass of S. dimidiatum grass measured in the
plots (3.15 ± 0.37 kg ha−1) and the Cu concentrations (Table 2).
PCu = 0.005 ± 0.006 kg ha−1. PZn was  considered as nil since there
was no signiﬁcant difference between Zn concentrations in the
plants in both plots.
3.3. Cu and Zn in the water compartment
Cu and Zn ﬂows at 60 cm depth were calculated on the basis of
Cu and Zn concentrations in the soil solution and water ﬂows at
60 cm depth (Eq. (4)). Water ﬂows were modelled with HYDRUS
1D using the parameters given in Table 3.
The high Ks measured between 40 and 100 cm is consistent with
classical Andosol values (Sansoulet et al.,  2008). Parameters  ˛ and n
(shape parameters from Van Genuchten’s equations K() and h())
were optimized by reverse simulation with the moisture () and
water potential (h) parameters measured on the TC1 site over a
17 days period (days 92–115). The model very accurately repro-
duced the  and h data, with an R2 of 0.97 and a 0.5% water balance
uncertainty.
Table 2
Cu and Zn concentrations in the S. dimidiatum grass in the control plot and the pig
slurry plot.
Cu (mg kg−1) Zn (mg kg−1)
Control plot 7 ± 1.7a* 39 ± 9.1a
Pig slurry plot 10 ± 1.4b 47 ± 13.9a
* ±Standard deviation; values followed by different letters in the same column
are  signiﬁcantly different at the 5% level (Student’s t-test).
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Table 3
Hydrodynamic parameters used for the HYDRUS-1D simulations.
Horizon Depth (cm) Ks (mm  h−1) r (m−3 m−3) s (m−3 m−3)  ˛ n l
A 0–40 158 0 0.71 2.58 1.15 0.5
B 40–100  202 0 0.71 1.02 1.07 0.5
Then we evaluated the capability of HYDRUS-1D (using the pre-
viously calculated  ˛ and n) to reproduce  and h measured on the
sites TC1, TC2, TPS1 and TPS2 throughout the month of March (day
121–150). The Willmott coefﬁcient (d) was between 0.51 and 0.92
for  and between 0.67 and 0.97 for h. For R2, the assessment con-
cerned the month of August (days 273–304). Coefﬁcient d ranged
from 0.48 to 0.88 for  and from 0.56 to 0.96 for h.
The cumulative drainage, rain, and PET for the R1 and R2
rainy seasons calculated by HYDRUS-1D are shown in Fig. 3. For
R1, cumulated rainfall was 0.826 m,  cumulated PET was  0.364 m,
cumulated drainage was 0.483 m and runoff was nil. The vari-
ation in the groundwater storage was negligible (−0.02 m).  The
water balance showed a slight excess of +0.001 m,  which repre-
sents 0.12% of the cumulated rainfall. For R2, the cumulated rainfall
was 0.737 m,  cumulated PET was 0.229 m,  cumulated drainage was
0.472 m and runoff was also nil. The variation in the groundwater
storage was +0.03 m.  There was an excess of +0.005 m in the water
supply, representing 0.67% of the cumulated rainfall.
In summary, for R1 and R2, the water ﬂuxes were very satis-
factorily simulated, with less than 1% uncertainty. R1 was very dry
and the few rain events recorded did not induce any drainage until
day 105, because they were balanced by the PET. Then, there was
a very heavy rainy period, notably with a cyclone occurring at day
116–118, which induced most of the drainage for the season. These
results underline the difference between tropical and temperate
systems. First the average rainfall is higher in tropical systems but
most importantly there can be very intense rain storms (cyclones)
over very limited period of time. During R2, almost every rain event
induced drainage. Indeed for R2, the rain storms are artiﬁcial water-
ing treatments that were calculated in order to induce drainage.
No runoff was measured in the ﬁeld (runoff plot), in agreement
with the zero runoff simulated by the model. In the model, this is
due to water ﬂuxes at the upper limit that were always lower than
the Ks of the 0–20 cm soil layer.
Time-course variations in Cu and Zn concentrations in the
soil solution sampled at 60 cm depth are shown in Fig. 4. In the
control plot, Cu concentrations in the soil solution ranged from
2.69 to 33.7 g dm−3, while Zn concentrations were from 63.8 to
827 g dm−3. In the pig slurry plot, the concentrations were very
similar and ranged from 2.76 to 49.3 g dm−3 for Cu and from 50.7
to 889 g dm−3 for Zn. The concentration patterns in the soil solu-
tion were very similar for the two plots (with or without pig slurry
spreading), and this was particularly notable for Zn during the R1
rainy season (Fig. 4c).
Table 4
Soil characteristics of control plot.
A horizon B horizon
Depth (cm) 0–20 20–40 40–100
Bulk density (kg dm−3) 0.90 ± 0.06* 0.80 ± 0.03 0.85 ± 0.02
pH  5.4 5.6 6.2
Dry matter (% bm)  76 ± 6 70 ± 4 64 ± 6
Corg (% dm)  4.16 ± 0.83 2.11 ± 0.13 1.74 ± 0.03
Fe  (g kg−1 dm)  156 ± 1 157 ± 2 159 ± 1
Al  (g kg−1 dm)  160 ± 6 169 ± 7 179 ± 4
Cu (mg  kg−1 dm)  66 ± 6 66 ± 15 55 ± 17
Zn  (mg  kg−1 dm)  229 ± 12 218 ± 11 210 ± 10
Ni  (mg  kg−1 dm)  101 ± 4 100 ± 7 92 ± 8
* ±Standard deviation; n = 3 for density, dry matter and Corg; n = 17 for Fe, Al, Cu,
Zn,  and Ni; bm = raw matter, dm = dry matter.
Cumulated Cu and Zn ﬂows during R1 and R2 are given
in Fig. 5. For R1, no ﬂow was  observed up to day 111, and
rainfall was especially low during this period. For Cu, there
was no signiﬁcant difference between the cumulated ﬂows
(Eq. (4))  in the two  plots during the two rainy seasons:
LCu-pig slurry plot = 0.14 kg ha−1 and LCu-control plot = 0.16 kg ha−1
for R1 (Fig. 5a) and LCu-pig slurry plot = 0.14 kg ha−1 and
LCu-control plot = 0.15 kg ha−1 for R2. For Zn, we also did not note any
signiﬁcant difference between cumulated ﬂows in the two plots
(with and without pig slurry spreading) and for the two rainy
seasons (Fig. 5c and d).
3.4. Cu and Zn in the soil compartment
The bulk density of the Colimac¸ ons soil was  low (0.8–0.9) and
the pH was  relatively acidic (5.4–6.2, Table 4). This soil had a high
organic matter content, with an organic carbon (Corg) concentra-
tion ranging from 4.2% at the surface to 1.7% at deeper layers. The
Colimac¸ ons soil had naturally high levels of Ni (92–101 mg  kg−1),
Cu (55–66 mg  kg−1) and Zn (210–229 mg  kg−1).
The Cu and Zn concentrations in the pig slurry plot measured
after pig slurry spreading were signiﬁcantly higher than those mea-
sured in the control plot in the three soil layers (Table 5).
Exogenous Cu and Zn masses calculated on the basis of
concentrations measured on the plots (Table 5, Eq. (2a)) were
MCu = 40 ± 20 kg ha−1 and MZn = 57 ± 12 kg ha−1. These levels were
signiﬁcantly higher than the quantities of Cu and Zn derived from all
of the pig slurry applications and determined on the basis of Cu and
Zn from pig slurry: QCu = 6 ± 6 kg ha−1 and QZn = 10 ± 11 kg ha−1.
This overestimation seems to indicate that the Cu and Zn concen-
trations in the control plot were unsuitable for accurately assessing
the pedogeochemical background of the pig slurry plot.
The pedogeochemical background of the pig slurry plot was
therefore estimated using the typological technique, with Al taken
as the major element. Fig. 6 shows the relationships between Cu, Zn
and Al, which enabled us to calculate Cu and Zn concentrations of
the pedogeochemical background ([Cu]GB and [Zn]GB, respectively,
with GB for pedoGeochemical Background) in the pig slurry plot in
the 0–20, 20–40 and 40–60 cm soil layers (Table 6, referred to as pig
slurry GB). Cu and Zn concentrations in the pig slurry GB (Table 6)
were signiﬁcantly higher than those of the control plot (Table 5),
thus conﬁrming the difference in GB between the two plots, despite
being located in the same vicinity.
The Cu concentration in the 0–20 cm soil layer in the pig slurry
plot was  signiﬁcantly higher than concentrations of the pedogeo-
chemical background. However, no signiﬁcant differences in Cu
Table 5
Cu and Zn concentrations measured in the control and pig slurry plots.
Depth (cm) Plot Cu (mg kg−1) Zn (mg  kg−1)
0–20 Control 66 ± 7a* 229 ± 12a
Pig slurry 75 ± 5b 235 ± 12b
20–40 Control 66 ± 15a 218 ± 12a
Pig slurry 79 ± 7b 238 ± 15b
40–60 Control 55 ± 17a 210 ± 8a
Pig slurry 76 ± 10b 241 ± 14b
* ±Standard deviation; values followed by different letters in the same column
are  signiﬁcantly different at the 5% level (Student’s t-test) for two samplings.
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Fig. 3. Cumulative water balance components intensities; Cumulative rain (bold line), cumulative drainage (solid line) and cumulative PET (dashed line) for the (a) R1 season
and  (b) the R2 season.
Fig. 4. Cu and Zn concentrations in the soil solution at 60 cm depth for the control plot (dashed lines) and the pig slurry plot (solid lines) (a) Cu for R1, (b) Cu for R2, (c) Zn
for  R1, and (d) Zn for R2.
concentration were noted in the 20–40 and 40–60 cm soil layers. In
contrast, Zn concentrations in the pig slurry plot were signiﬁcantly
higher than concentrations of the pedogeochemical background for
the 20–40 and 40–60 cm soil layers, but there was no signiﬁcant dif-
ference for the 0–20 cm layer. Only soil layers showing signiﬁcant
differences in Cu and Zn concentration were taken into account in
Table 6
Cu and Zn concentrations in pig slurry plots, a pedogeochemical background levels
(GB).
Depth (cm) Plot Cu (mg  kg−1) Zn (mg  kg−1)
0–20 Pig slurry 75 ± 5a** 235 ± 12a
Pig  slurry GB* 71 ± 3.7b 237 ± 6.9a
20–40 Pig slurry 79 ± 7a 238 ± 15a
Pig  slurry GB 75 ± 16.9a 226 ± 15.4b
40–60 Pig slurry 76 ± 10a 241 ± 14a
Pig  slurry GB 82 ± 35.4a 224 ± 15.7b
* GB = Pedogeochemical background.
** ±Standard deviation; values followed by different letters in the same column
are  signiﬁcantly different at the 5% level (Student’s t-test) for two  samplings.
the mass balance calculation. Exogenous Cu and Zn masses calcu-
lated on the basis of the concentrations given in Table 6 (Eq. (2a))
were MCub = 6 ± 3.3 kg ha−1 and MZnb = 33 ± 16.2 kg ha−1. These lev-
els are close to the quantities of Cu and Zn derived from all of the pig
slurry applications (QCu = 6 ± 6 kg ha−1 and QZn = 10 ± 11 kg ha−1),
indicating enhancement of the mass balance. It could thus be con-
sidered that, to the nearest uncertainty, all of the Cu accumulated
between 0 and 20 cm depth, whereas all of the Zn accumulated in
the 20–60 cm layer.
4. Discussion
4.1. Cu and Zn in the pig slurry
The applied pig slurry had high Cu and Zn concentrations, in
line with concentrations reported in the literature (Nicholson et
al., 1999; Levasseur, 2002; Sanchez and Gonzalez, 2005). Cu and
Zn occurred in high quantities in the pig slurry as compared, for
instance, to Ni with a concentration of around 15 mg kg−1. These
high concentrations could be explained by Cu and Zn supplements
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Fig. 5. Cumulated Cu and Zn ﬂows determined at 60 cm depth in the control plot (dashed line) and pig slurry plot (bold line): (a) Cu for R1, (b) Cu for R2, (c) Zn for R1, and
(d)  Zn for R2. Vertical bars are calculated errors.
in pig feed (Jondreville et al., 2003). All of the pig slurry applications
represented inputs of QCu = 6 ± 6 kg ha−1 and QZn = 10 ± 11 kg ha−1.
The high uncertainty noted with respect to Q could mainly be
explained by the high variability in dry matter rates (±63%, Table 1)
and the Cu and Zn concentrations in the spread pig slurry (±25.5%,
Table 1).
4.2. Cu and Zn in the plant compartment
The uptake of pig slurry derived Cu (PCu = 0.005 kg ha−1) by the
plant cover (S. dimidiatum) was documented, but no Zn uptake was
noted. This ﬁnding is surprising since the bioavailability of Zn is
generally higher than that of Cu (Mantovi et al., 2003; Wen  et al.,
2007; Collin and Doelsch, 2010). Zn uptake by plants was pos-
sibly masked by the variability in the Zn concentration available
for the plant cover in the pig slurry plot ( = 9.1 and 13.9 mg  kg−1
for Zn as compared to  = 1.7 and 1.4 mg  kg−1 for Cu in the con-
trol plot and pig slurry plot, respectively, Table 2). Moreover, the
Cu mass taken up by plants was negligible (PCu = 0.005 kg ha−1)
in comparison to the quantity of Cu supplied by the pig slurry
applications (QCu = 6 ± 6 kg ha−1). This is in line with previously
published results. Indeed, Cu and Zn uptake by plants has already
been observed, but here it only represented a very small propor-
tion of the quantity of Cu and Zn supplied by pig slurry spreading
(Novak et al., 2004; Lipoth and Schoenau, 2007).
4.3. Cu and Zn in the water compartment
The mean Cu and Zn concentrations in the soil solution in the
control plot (18 and 244 g dm−3, respectively) were comparable
to those measured by Hao et al. (2008),  i.e. 30 g dm−3 for Cu and
250 g dm−3 for Zn, in a Luvisol in China (soil that had received no
external inputs). These results show that the high Cu and Zn in the
Andic Cambisol studied here (65 and 220 mg  kg−1) had no direct
impact on the Cu and Zn concentration in the soil solution. There
was no signiﬁcant difference between the control plot and the pig
slurry plot for R1 and R2 with respect to the Cu and Zn ﬂows cal-
culated at 60 cm depth. The existing Cu and Zn ﬂows could thus
be considered as natural and uninﬂuenced by pig slurry spread-
ing. Martinez and Peu (2000) came to the same conclusion in a
study on soil in a temperate region—they only noted a nonsigniﬁ-
cant increase (less than 0.1%) in Cu and Zn ﬂows following pig slurry
spreading.
4.4. Cu and Zn in the soil compartment
The Colimac¸ ons soil had naturally high trace elements levels
(Ni, Cu and Zn), which could be explained by the pedogeochemical
background in Réunion, which is a volcanic island (Doelsch et al.,
2006).
The exogenous Cu mass in the 0–20 cm soil layer was
MCu = 6 ± 3.3 kg ha−1, which corresponds to the Cu mass derived
from pig slurry spreading (QCu = 6 ± 6 kg ha−1). The Cu from the
pig slurry thus all accumulated in the 0–20 cm soil layer, which
is similar to previous ﬁndings in other soil types (e.g. Kastanozem
or Chernozem) under temperate climatic conditions (Novak et al.,
2004; Gräber et al., 2005; Lipoth and Schoenau, 2007). Moreover,
this ﬁnding is perfectly in line with our recent description of Cu spe-
ciation in pig slurry (Legros et al., 2010a). In this latter study, we
used a multitechnique approach in pig slurry and demonstrated
that Cu was mainly in sulﬁde form (Cu2S) with a Cu(I) oxidation
state. We  put forward the hypothesis that the solubility of copper
sulﬁde from pig slurry would be very low in soil, even in aerobic
conditions, when the soil pH is over 4.5. Cu accumulation at the
soil surface resulting from intensive pig slurry spreading (observed
here) could therefore be explained by the very low solubility of
Cu2S.
The exogenous mass of Zn at 20–60 cm depth
(MZn = 33 kg ha−1 ± 16.2 kg ha−1) was higher than that supplied by
the pig slurry (QZn = 10 ± 11 kg ha−1). However, considering the
uncertainty, the exogenous Zn mass ranged from 17 to 50 kg ha−1,
an interval that overlaps that of the Zn input from the pig slurry
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Fig. 6. Relationship between Al and Cu or Zn in the control plot soil for the 0–20, 20–40 and 40–60 cm soil layers.
(0–21 kg ha−1). It can thus be concluded that all of the Zn accu-
mulated in the 20–60 cm soil layer. This is a surprising result with
respect to previous ﬁndings obtained under temperate climatic
conditions. For instance, Martinez and Peu (2000) studied the
impact of intensive pig slurry spreading on a brown soil with
a sandy silty texture under a temperate climate. They noted
an increase in the soil Zn concentration between 0 and 60 cm
depth. In their study, however, the 0–20 cm soil layer showed the
greatest increase in Zn concentration. Similarly, in the study of
Lipoth and Schoenau (2007),  where they spread pig slurry on a
black Chernozem soil in temperate conditions, an increase in Zn
concentration was also noted in the 0–18 cm soil layer.
However, despite the high uncertainty concerning the Zn mass
balance, the accumulation of this element in the soil was con-
ﬁrmed by the lack of uptake by plants and the ﬂow at 60 cm depth.
Moreover, these results are in line with our characterization of Zn
speciation in pig slurry (Legros et al., 2010b).  In this latter study,
zinc speciation within pig slurry revealed the presence of three
main components: 49% Zn bound to organic matter, 37% amorphous
Zn hydroxides and 14% sphalerite. These three forms were shown to
be soluble under aerobic conditions and within the pH 5–8 range,
which corresponds to the pH measured in many soils (Pourbaix,
1963; Robert et al., 1988; Adams and Martin, 1994; Stanton et al.,
2008). The mechanism of Zn accumulation was thus sorption on the
soil. We  put forward two hypotheses: (i) the characteristics of the
0–20 cm soil layer differed from those of the 20–40 and 40–60 cm
layers and did not enable Zn sorption. This hypothesis was sup-
ported by the high Corg concentration at 0–20 cm depth even when
the two  layers are in the same horizon. (ii) Zn sorption by the Andic
Cambisol was reversible and water ﬂows gradually carried Zn to
deeper soil layers. This Zn transfer was  relatively slow since Zn was
still present in the 20–60 cm soil layer after 5 years of pig slurry
spreading. This, nevertheless, indicates that long-term Zn leaching
could take place with a risk of impact on water resources.
5. Conclusion
In this study, we  assessed the impact of 5 years of pig slurry
spreading on a water–soil–plant system: an Andic Cambisol under
S. dimidiatum grass cover. It was found that the Cu and Zn mass
derived from pig slurry spreading was not taken up by the plant
cover, nor was  it leached beyond the 0–60 cm soil layer. These
results obtained in a tropical system were very similar to previous
ﬁndings in temperate systems.
The Cu mass derived from pig slurry spreading was  stored in the
0–20 cm soil layer, which was  attributed to the very low solubility
of Cu2S (the form in which Cu occurs in pig slurry). In contrast,
the Zn mass supplied by pig slurry spreading was stored in the
20–60 cm soil layer. This result obtained in a tropical system differs
from previous ﬁndings in temperate systems. This could have been
due to a reversible Zn sorption mechanism in the studied Andic
Cambisol.
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We  thus conclude that Cu accumulation in soil was the result
of its highly insoluble form in pig slurry, and seemed to be rel-
atively independent of the studied water–soil–plant system. On
the other hand, Zn accumulation in soil was controlled by sorption
mechanisms and thus depended on the studied water–soil–plant
system.
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